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ABSTRACT 
Jack-up rigs are the most common type of oil rig, with over 400 operating in many 
areas around the world in water depths of up to 110 metres. Lattice legs transmit 
the rig's weight and any environmental loads to a conical foundation, called a 
spudcan, at the base of each leg. Offshore engineers perceive current design 
code guidelines for spudcan behaviour to be significantly conservative in several 
areas. Particular fields of interest to them are the punch-through bearing capacity 
of spudcans in layered soils, the foundation stiffness and its degradation with 
load magnitude, and the rig's dynamic fixity under storm conditions. 
In order to address industry's concerns, an extensive parametric study has been 
undertaken using the Imperial College Finite Element Program (ICFEP) in which 
the undrained response of spudcans to vertical, horizontal and/or moment 
loading has been investigated, the results of which have confirmed the 
abovementioned conservatism that practitioners are keen to remove. 
With respect to vertical bearing capacity, the roles of: footing shape and 
embedment, strength heterogeneity, and the situation of strong clay overlying 
weak clay have all been investigated. 
Combined bearing capacity envelopes in Vertical-Horizontal-Moment load space 
have been produced for strip footings and for conical spudcans with cone angles 
in the range of 127 to 180 degrees. The failure loads obtained are significantly 
greater than those predicted by the current SNAME recommended practice. 
The magnitude of the spudcan's initial horizontal and rotational stiffnesses, and 
their degradation approaching failure loads, were determined for various spudcan 
geometries, preloads and embedments. The observed stiffnesses, and hence 
fixities, were consistently higher than those predicted using the SNAME 
recommended practice, a result concordant with data from instrumented rigs 
during storms. 
Dynamic analyses, employing realistic wave loading, have been performed with 
Fourier-Series-Aided fully 3-dimensional configurations to explore the feasibility 
of using single-leg models in accurately determining dynamic fixity. 
In summary a comprehensive investigation of spudcan behaviour before, and at 
failure, under static and dynamic loading has been undertaken. This research 
has led to the development of guidelines and predictive formulae that are directly 
suitable for use in foundation design. 
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to those suitable for strip footings 
Internal apex angle of a conical footing 
Load-spread angle in the projected area method of analysis 
for layered soils 
Parameter defining soil heterogeneity 
Parameter used to define the 4-parameter elastoplastic load- 
displacement model 
Pait Cone angle required to impinge upon the failure surface for 
purely moment loading 
a Angle of interface friction 
Sabs Absolute incremental displacement -4(AUincr 
2 
+, 
&Wincr 2) 
SUincr Incremental horizontal displacement 
8Wincr Incremental vertical displacement 
Mh Incremental horizontal load 
80M Incremental moment load 
SQV Incremental vertical load 
At Time step in dynamic analyses 
A Eccentricity of weight or load 
Strain 
Angle of shearing resistance in frictional materials 
'Y Bulk unit weight of soil 
7XY Shear strain in the x-y plane 
'Y' Shear strain in the r-z plane 
TI(t) Free surface elevation of the sea at time, t 
X Wavelength (units: metres) 
go Parameter for the influence of footing embedment upon its 
elastic vertical stiffness 
91 Parameter for the influence of the depth of soil beneath a 
footing to a rigid base boundary upon its elastic vertical 
stiffness 
Units 
a 
0 
0 
0 
m 
m 
m 
M 
kNm 
M 
S 
m 
0 
kN/M3 
kPa 
kPa 
m 
m 
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Symbol Definition Units 
Relative value of pi to that for a rough circular surface 
footing on soil that is five times thicker than the footing's 
diameter 
V Poisson's Ratio 
7C 3.141592654 
0 Foundation rotation (about orthogonal axis) due to horizontal Oorrads 
and/or moment loading 
Angle in the circumferential out-of-plane direction in Fourier 
Series Aided analyses 
0 Loading angle for combined horizontal-moment loading Oorrads 
Opeak Loading angle used to define location of peak in the "or rads 
combined bearing capacity envelope in the horizontal- 
moment plane 
P Soil density kg/M3 
Phull Density of finite elements used to represent the hull structure kg/M3 
Pleg Density of finite elements used to represent the jack-up leg kg/M3 
P, Density of water 1000 
kg/M3 
01 Major principal stress kPa 
GIII Minor principal stress kPa 
Oh Horizontal total stress kPa 
aIh Horizontal effective stress kPa 
On Normal contact stress kPa 
Onlimit Limiting tensile normal contact stress which when exceeded kPa 
will cause a crack to develop at the interface 
crt Circumferential stress kPa 
cr, Vertical total stress kPa 
GO V Vertical effective stress kPa 
a., Horizontal stress kPa 
Gy Horizontal, out-of-plane stress kPa 
0, Vertical stress kPa 
Ir Shear stress kPa 
(0 Angular frequency rads/sec 
(OD Damped natural frequency rads/sec 
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Symbol Definition Units 
Co" Natural angular frequency rads/sec 
Wavelet frequency of wavelet n rads/sec 
a Frequency of driving load rads/sec 
4 Damping ratio of a dynamic system 
V" Residual load at the end of increment 'n' 
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GLOSSARY OF TERMS 
This is a temporary, extra weight given to the rig's deck by 
Ballast pumping sea water into ballast tanks within the topside's 
structure. 
BM Bending Moment 
Chord The axial tubular members of the jack-up's leg 
CPT Cone Penetration Test - an intrusive probe for measuring the 
strength of soils commonly used offshore. 
DAF Dynamic Amplification Factor -a factor for applying an 
equivalent dynamic load in a static analysis. 
FE Abbreviation for Finite Element 
FFT Fast Fourier Transform 
Footprint An indentation left in the seabed by the spudcans of a 
previously installed jack-up. 
FORTRAN Proprietary name of a programming language 
FSA Fourier Series Aided 
FSAFEM Fourier Series Aided Finite Element Method 
Gorilla A proprietary name for a model of jack-up rig designed and built by LeTourneau of the USA. 
HSE The UK Health & Safety Executive -a government body that 
oversees the safety of offshore installations 
IADC International Association of Drilling Contractors 
Geotechnical finite element software used in this study. The 
ICFEP acronym is an abbreviation for the "Imperial College Finite 
Element Program", Potts & Zdravkovi6 (1999). 
ISO International Standards Organisation 
Jack-up A mobile, re-usable rig suitable for oil exploration, and 
production as well as installing wind turbines and site surveys 
The process of injecting water through pipes in the spudcan in 
Jetting order to produce high pore pressures on the underside of the 
spudcan to aid in the extraction of spudcans from the seabed. 
JONSWAP The name of a wave energy spectrum typically used for fetch- limited seas. 
LB Lower Bound (from limit analysis) 
Leeward The side of the platform that is furthest from the source of wind 
and waves. 
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MODU Mobile Offshore Drilling Unit 
Mudline The upper surface of the seabed (sometimes difficult to determine because of its very soft nature) 
A superficial, gelatinous suspension of clay present in low 
Ooze energy depositional environments on the seafloor. It may be 
present for great depths and possesses negligible shear 
strength. 
OXFEM Geotechnical finite element analysis program developed at the University of Oxford 
Pinions Gear wheels that are used to raise and lower the legs 
The proof loading stages of installation where a vertical load is 
Preload applied that should exceed the equivalent maximum probable 
load from self-weight and environmental loads. 
An uncontrolled rapid penetration of a leg (usually during 
Punch-through installation) leading to platform collapse or component damage 
that cannot be repaired in-situ. 
Rack The array of teeth present on the edge of leg chords which 
connect with the pinions in order to raise and lower the legs 
Rack chocks 
Wedges which connect with the racks and the jack-up's 
topside, significantly increasing the hull-leg stiffness 
Rack-phase Where each leg chord is lowered different amounts leading to 
difference high stresses in the leg bracing members. This can be caused 
(RPD) by eccentrically supported spudcans, non-vertical preloading, 
and uneven jacking between chords. 
Rapid- 
penetration 
A non-catastrophic rapid penetration of a spudcan, usually 
event 
during preloading. 
Sing le- Deg ree-Of-Freedom dynamic model. This is a simple 
boundary value problem commonly used to test numerical 
dynamic analyses. It consists of a concentrated mass 
SDOF supported atop of a vertical cantilever that has a known 
stiffness. The response of the mass to an applied dynamic load 
is measured and checked against the corresponding closed 
form solution. 
Society of Naval Architects and Marine Engineers (cited here 
SNAME with reference to the SNAME recommended practice - "Guidelines for the site specific assessment of mobile jack-up 
units". 
The footing of an independent-leg jack-up platform. The word 
Spudcan is a concatenation of 'spud' (a verb used in the offshore 
industry meaning to embed) and 'can' (a slang term for an 
offshore footing) 
Spudding Shallow embedment of a spudcan in the seabed due to the 
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self-weight of the leg and spudcan. 
The lateral movements of a thin, soft layer overlying a stronger, 
Squeezing stiffer layer due to a footing penetrating the seabed. The 
bearing capacity will increase with penetration. 
Stomping A high-risk operation to level the seabed using the spudcan to 
repeatedly stamp the seabed surface flat. 
Sway The translational movement of a platform's deck in the direction of loading. 
A seabed treatment operation aimed at reducing a proven 
punch-through hazard. Tens or hundreds of cores of 
Swiss- approximately 0.5m diameter are extracted from the seabed to 
cheesing depths of up to 20m. This perforates and weakens the upper 
layer of the seabed, allowing the spudcan to penetrate through 
the upper layer without experiencing a rapid penetration event. 
The reduction in shearing resistance of a material during 
shearing. Conversely, an apparent increase in shearing 
resistance is observed at low rates of shearing. This is relevant 
to the penetrations of spudcans as it is suggested that some 
clays exhibit thixotropic behaviour. In this situation any delays 
during the penetration of a spudcan into the clay will meet an 
Thixotropy increase in resistance upon continuation of the penetration to 
the final required final preload. It is also contended that this soil 
response may be due to consolidation of the clay, although 
delays in penetration are generally due to unloading stages of 
the preloading and, depending upon the soil's permeability, 
there may not be sufficient time for significant strength 
increases to occur due to consolidation. 
UB Upper Bound (from limit analysis) 
VHM Vertical- horizontal-mom ent (loading of foundations due to 
cyclic environmental loading). 
Windward The side of the platform nearest the source of wind and waves, 
and hence first experiences extreme loads. 
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1. 
BACKGROUND 
1.1. SPUDCANS AND JACK-UPS 
Spudcans are the foundations of an offshore jack-up rig. A jack-up rig, as shown 
in Figure 1-1, is a mobile, re-usable vessel that is used for a variety of work 
offshore, including salvage work and installing offshore structures such as wind 
turbines. They are most commonly used in the oil industry as an exploration or 
production platform. They are essentially a triangular ship (more clearly shown in 
Figure 1-4) with three legs that can independently be raised or lowered in order 
that it can stand on the seabed and raise its hull out of the water and any wave 
loading. A model of a jack-up rig (the Ocean Star) is provided in Appendix 1 to 
further assist in familiarisation. 
Derrick 
Jacking 
motors 
Helipad 
Hull 
ý Leg chords 
Riser 
Spudcan I 
FS 
EE 
ADD 
Figure 1-1 The anatomy of a Jack-up rig, adapted from Global Santa Fe's 
specification for GSF Constellation H from http.. *Ilwww. globalsantafe. com. 
A jack-up's spudcans are attached to the base of the chords of each leg and may 
have a flat or conical geometry which is approximately circular in plan view. A 
spike is sometimes incorporated as it is perceived to assist in installation and 
improve its bearing capacity under combined loading. Examples of typical 
spudcan geometries are shown in Figure 1-2. 
More recently, skirted spudcans have been developed that permit a competent 
spudcan-seabed connection for hard seabeds where sufficient spudcan 
penetrations would not otherwise be achieved. 
Section 
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Spiked flat spudcan 
Figure 1-2 Examples of common spudcan geometries 
Jack-ups are the most common type of oil platform in the world with around 400 
operating in most oil producing regions, as shown in Figure 1-3, constituting just 
over 40% of the world's oil rig fleet, Rigzone (2007). Despite being typically 
limited to water depths less than 120m (=400ft. ), the design continues its 
popularity with 67 units currently under construction in yards - mainly in the 
United States of America, China and Singapore. 
C'V 
ED 
ED 
ED 
Figure 1-3 Areas of jack-up rig use around the world. 
Jack-up platforms are designed to be mobile and re-usable, usually being towed 
or transported on a ship to site, as shown in Figure 1-4. The rig isn't therefore 
usually owned by oil companies, rather they are hired out for use by rig owning 
companies. The day-rates for jack-up rigs I currently up to $300,000. Thus any 
delays or unforeseen circumstances during installation or production can quickly 
prove to be very costly to the oil company or rig operator. 
Section 1 
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Figure 1-4 The Global Santa Fe Galaxy Mjack-up rig being transported on a 
heavy transport ship. Picture from Dockwise (bttp: //www. dockwise. com 
The platforms can be operated in isolation or can use their cantilevered derrick to 
'work-over' existing fixed structures illustrated in Figure 1-5. Their re-usable 
nature is also attractive as in periods of high oil prices as they are able to re-start 
production at wells that had previously became uneconomical during times of 
lower prices. 
Figure 1-5 The Global Santa Fe Galaxy I jack-up platform drilling a well 
through risers attached to a pre-existing fixed platform. Picture from the 
Conley Corporation's Offshore Photo Gallery (http: 11www. con1eqfrp. com)- 
Jack-up rigs are therefore not designed for a site-specific application. A site- 
specific assessment of the conditions at each location is thus required before a 
certificate of approval can be issued for the rig by a warranty surveyor. 
Section 1 
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The extent of this assessment requires that the following have to be considered: 
" Wind speeds during storms 
" Storm wave amplitude and period 
" Seabed conditions 
0 The operational loads on the platform 
The first three factors are highly location-specific, and the environmental loadings 
are often impossible to categorically evaluate. Empirical expressions are 
therefore used to obtain the wind speeds and wave conditions for a storm event 
of the return period required for design. 
In the Gulf of Mexico, jack-ups are assessed for a1 in 50 year event, whilst in the 
North Sea rigs are checked for survivability against a more stringent 1 in 10,000 
year wave event occurring. This is mainly due to the types of storm that are 
prevalent in those locations. The paths of tropical storms in the Gulf of Mexico 
are predictable with several days warning, permitting evacuation of the platforms 
in advance of extreme events. In non-tropical locations, such as the North Sea, 
such advanced warning is not possible and jack-up platforms thus remain 
inhabited during extreme events. The greater consequences of a rig failure 
during an event result in higher requirements for survivability and a longer return 
period for design. 
The level of geotechnical investigation required for a location varies considerably 
and depends upon 
the amount of existing data for the location, 
any previous experience of jack-up rig installations in the area, 
the rig owner's own standards, 
the geology and degree of lateral variability of geotechnical properties 
expected in the area, and 
the availability of site investigation equipment. 
In the absence of previous geotechnical or installation data for a location, a site 
survey comprising bathymetric measurements and geophysical investigative 
techniques are normally undertaken in conjunction with at least one borehole and 
cone penetration test (CPT) profile. More specific guidance regarding the scope 
of an appropriate site investigation can be found in the relevant recommended 
practices (for example the SNAME (2002) Bulletin 5/5A or DNV's (1992) 
classification note 30.4) or from the specifications of individual companies such 
as Noble Denton's (2003) "Seabed and Sub-Seabed Data Required for 
Approvals of Mobile Offshore Units". 
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Page 28 
D. H. Edwards (200 7) - Numerical Analysis of Spudcan Foundations 
The depth below the seabed for which geotechnical information is required by the 
SNAME (2002) Technical and Research Bulletin 5/5A - the most commonly 
applied recommended practice - is 30m (98ft) or the anticipated spudcan 
penetration depth plus 1.5 spudcan diameters, whichever is the greater. 
Clearly the anticipated penetration depth of the spudcans will depend upon the 
soil profile, with spudcan penetration calculations often being undertaken 
concurrently with the site investigation vessel as the borehole or CPT 
progresses. 
Laboratory testing of seabed soil samples is undertaken either onboard the 
vessel or onshore, with undrained, unconsolidated tests typically being the most 
complex tests performed. The use of local strain measurement, and the 
reconsoliclation of samples for triaxial tests, is rarely encountered, limiting the 
complexity of geotechnical analysis that can subsequently be performed for the 
determination of the spudcans' stiffnesses and capacities. 
1.2. JACK-UP INSTALLATION 
In order to limit the motions of a jack-up rig's hull and the loads in the legs at the 
hull-leg connection during storm conditions, the spudcan foundations are proof- 
loaded during installation in order to 'bed in' the spudcans. The general 
installation process at a location comprises the following steps, some of which 
are illustrated in Figure 1-6 
Towed to location 
Lowering legs and preloading Raising hull to 
by ballasting tanks in hull required air gap 
Figure 1-6 Phases of jack-up platform's installation at a location. 
Section 1 
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1. Towing the rig to the location, 
2. Lowering the jack-up's legs until the spudcans start to penetrate the 
seabed, 
3. Sliding/ploughing the spudcans through the seabed, or 'walking' the rig 
(performed by yawing the rig about one spudcan shallowly penetrated in 
the seabed) to the exact location required 
4. Performing preloading. The hull is jacked out of the water to a safe air-gap 
using the jacking motors at each leg, whose pinions engage with racks 
welded to the leg chords. The hull of a jack-up rig contains a large number 
of tanks which are then filled with seawater ballast to increase the weight 
of the hull. By filling the tanks around a particular leg, each spudcan can 
be preloaded individually to a certain vertical load, or alternatively all 
tanks can be filled in order to apply equal loads to each of the spudcans. 
5. During preloading, the spudcans will penetrate into the seabed until such 
time as the reaction from the seabed is sufficient to support the weight of 
the ballasted rig. 
6. The preload ballast is held for typically around 3 to 24 hours for each 
preloading stage and is then emptied. The jacking motors are generally 
not sufficiently powerful to lift a ballasted jack-up hull, therefore as the hull 
reduces in elevation due to penetration of the spudcans into the seabed, 
the preload must be periodically dumped, and the hull re-raised to ensure 
a sufficient air-gap is maintained and the ballast tanks be re-filled for 
further preloading. Spudcans therefore experience several load cycles 
during the preloading stage as shown in Figure 1-7. 
The preload ballast taken aboard is typically sufficient for the bearing stress at 
the spudcan at full preload to be approximately twice that from the rig's elevated 
self-weight alone. 
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Bearing load, Ov (MN) 
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preload ballast 
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for jacking of hull 
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II 
Stillwater Max. Preload 
Reactions Reactions 
Figure 1-7 Typical load-penetration curve for a preloading sequence of a 'i, 
spudcan In homogeneous soil conditions. 
1.3. SITE ASSESSMENT PROCEDURES 
In order to ascertain whether a candidate rig is suitable for operations at a given 
location the properties of the rig, in terms of water depth and resilience to the 
anticipated environmental loading for design, must be verified. The first stage is 
to check whether the rig has sufficient leg length to be able to stand on the 
seabed and maintain the hull at the required air gap above the maximum storm 
surge water level. To perform this assessment, the estimated spudcan 
penetration into the seabed is required, which can range from less than a metre 
in dense sands or overconsolidated clays, to 50m or more in very soft, 
underconsolidated clays. 
As the jack-up rig is preloaded the spudcans penetrate into the seabed and are 
thus actually failing the surrounding soil, until sufficient soil strength is 
encountered for the spudcans to stop penetrating further. The bearing capacity 
calculations required to estimate the final penetration thus use a safety factor of 
1.0. Inaccuracies in the interpretation of site investigation data, or the 
appropriateness of the bearing capacity theories used, cannot be accommodated 
by the safety factors of 2.0 or 3.0 commonly used for onshore foundation design. 
It is thus crucial that the most representative soil parameters are used in the 
Sectlon 1 
1, 
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assessment in conjunction with the best bearing capacity theories available. Due 
to the somewhat subjective nature of geotechnical data interpretation, upper and 
lower bound estimates of soil strength parameters are often used in order to 
produce a range of expected spudcan penetration behaviours. 
The greatest geotechnical hazard to a jack-up rig - punch-through failure - is 
most likely to occur during installation. Punch-through failure is the unexpected 
rapid penetration of a spudcan due to the presence of a thin, strong layer 
overlying a softer layer. According to the UK Health & Safety Executive's 
Research Report 289 (2004), 53% of all recorded geotechnical incidents 
involving jack-ups between 1954 and 2002 were related to punch-through, of 
which 26% occurred during installation and 15% occurred during storms, with the 
remainder unidentified by the study. Further description and investigation of this 
geohazard is given later in Section 5 for the case of layered clays. 
Given that a particular rig can be safely preloaded at a location, and has 
sufficient leg length in order to operate, an engineering assessment is 
subsequently undertaken. This comprises applying storm wind and wave loads to 
a numerical model of the particular rig. Calculation of the bearing capacity 
envelopes and the stiffness behaviour of the footings based on the appropriate 
standard, permit the analyses to predict the vertical, horizontal and moment loads 
that the spudcans will be subjected to, and thus their factors of safety against 
bearing failure, for the design storm condition. 
The SNAME (2002), IDNV (1992) and other recommended practices describe 
combined bearing capacity envelopes for clay and sand soils and methodologies 
for calculating the non-linear stiffness of spudcans under combined loading. 
Inherent in these methods are assumptions and simplifications both geometrically 
and geotechnically, which most engineers in the industry feel are in need of 
update and refinement. This is evidenced by the current development of a new 
ISO standard for jack-up rigs, the current "InSafe" JIP, and the proposal for a 
Joint Industry Project to review and update the current DNV rules for rigs 
operating in the Norwegian sector. 
Recent work by the research groups at Cambridge University (Tan (1990), 
Tsukamoto (1994)), Oxford University (Bell (1991), Martin (1994), Ngo-Tran 
(1996), Cassidy (1999)), and the University of Western Australia (Hossain et al. 
(2006), Vlahos et al. (2006), Gourvenec (2003)) has resulted in the development 
of new foundation behaviour models both for installation and combined loading. 
Most of these are based on PhD projects comprising laboratory model tests 
Section I 
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either at 1g, or performed in centrifuges, and thus have a limited scope due to 
time constraints. The particular outcomes of the above studies will be referred to, 
where appropriate, in the following Sections. 
Comprehensive reviews of the current site assessment procedures and 
considerations may be found in the Bennett & Associates and Offshore 
Technology Development (2005) jack-up unit technical primer report (available 
online for download at htti): //www. sr)udcans. com) and in the UK Health and 
Safety Executive's (2004) Research Report 289, prepared by MSL Engineering. 
Throughout the studies of spudcan foundations on clays, there has always been 
the question of when soil-spudcan adhesion can be relied upon in clay soils. 
Researchers such as Hansen (1970) and Taiebat & Carter (2002) have permitted 
separation of the footing from the seabed in their analyses. The model tests of 
Martin (1994) would seem to confirm this behaviour as side-swipe probes show 
the horizontal and moment bearing capacities to be zero at zero vertical load. 
Other work has, however, assumed that soil-spudcan adhesion occurs. Both 
Taiebat & Carter (2000) and Gourvenec & Randolph (2003a) assume full contact 
between the soil and spudcan. Indeed, the significant vertical load from the 
deadweight of the jack-up rig, and any overburden pressures due to footing 
embedment are likely to cause clayey soils to remain in contact with a spudcan. If 
soil-spudcan separation is modelled as initiating when cavitation occurs, one 
must take into account the significant (compressive) water pressures that will be 
present at the seabed. Similarly, if separation is judged to occur for a condition of 
tensile normal total stress (as adopted and described later in Section 2.2.1), then 
the total stress due to the weight of the overlying seawater should also be 
incorporated to accurately represent separation of the soil-spudcan interface. 
Recent research by Malcolm Bolton at Cambridge University is currently 
developing new perspectives on the tensile capacity of clay, which suggests that 
the phenomenon may be better modelled using an effective stress approach. 
The combined loading analyses described in this thesis adopt both a zero tensile 
total normal stress approach (excluding the seawater pressure component for 
conservatism with respect to bearing capacity), and full-adhesion between the 
soil and the spudcan in order to represent the behaviour of a spudcan resting on 
a hard or uneven seabed, and soft clay respectively. 
Section I 
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1.4. AIM OF CURRENT PROJECT 
The overall aim of the present study is to develop and report the results of a 
consistent suite of parametric studies, adopting the geotechnical finite element 
program ICFEP (Potts & Zdravkovi6), that examine various aspects of spudcan 
behaviour. 
Numerical analysis is particularly well-suited to performing extensive parametric 
studies due to its ability to produce repeatable results, and the simple manner in 
which minor modifications to the run files can be made for each new combination 
of variables. Access to the multi-processor servers of the Geotechnics Section at 
Imperial College London has enabled up to 25 separate analyses to be 
performed simultaneously, resulting in a total of around 1500-2000 useful 
analyses being performed'. 
1.5. LAYOUT OF THESIS 
This project comprises an incremental investigation into foundation behaviour. It 
commences by examining the essential aspects of ensuring good quality results 
from the finite element analysis of bearing capacity problems in clays, increasing 
in complexity to a 3-dimensional representation of a jack-up leg experiencing 
dynamic loading. 
The layout of this thesis reflects this staged approach with seven chapters 
focusing on particular areas of foundation behaviour with each drawing on the 
work in the preceding Sections. 
The present Section provides a broad introduction to jack-up platforms, spudcans 
and the necessary checks that must be made to ensure the safety of a rig and its 
workers during its operations on location. The reader is directed to the recent 
6 primer' document of Bennett & Associates (2005) for a clear and comprehensive 
overview of jack-up rigs and their operations. 
Section 2 briefly details the ingredients required for an accurate and efficient 
finite element analysis of a bearing capacity problem. 
There then follows the seven chapters of analyses and results where the 'meat' 
of the project lies: 
1 An undisclosed number of ineffectual analyses were also performed, as Thomas Edison 
once said "Results? Why I know a thousand things that don't work" 
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Section 3 examines the behaviour of spudcan-type footings to vertical loading. It 
examines the importance of good mesh design, each of the factors in the 
undrained bearing capacity equation for vertical loading, and strength 
heterogeneity. 
Section 4 arose from the desire to be able to predict the number of increments 
(and hence displacement) required in order for a footing to reach failure. Various 
methods are proposed and developed for the prediction of the undrained load- 
settlement responses of foundations in homogeneous clays. Important 
observations are made here which underpin later work regarding the bearing 
capacity and stiffness of spudcans under combined vertical- horizontal- moment 
loading. 
Section 5 investigates the phenomenon of punch-through failure of spudcans 
during jack-up installation in layered clays. The results are first validated for strip 
footings against existing upper and lower bound solutions and then extended into 
the axi-symmetric domain to produce simple predictive equations that have a 
more robust basis for use in design than those currently included in the SNAME 
(2002) recommended practice. 
Section 6 extends the bearing capacity work by first determining the bearing 
capacities of a surface, strip footing under combined vertical, horizontal and/or 
moment loading. A framework of equations is proposed that provides an 
excellent representation of the characteristics of the bearing capacity envelopes 
derived from the finite element analyses. 
The Fourier-Series-Aided Finite Element Method is employed in Section 7 to 
efficiently apply combined vertical, horizontal and/or moment loading to axi- 
symmetric spudcan footings to investigate the effects of spudcan shape, 
embedment, preload, and soil-spudcan adhesion upon the resulting bearing 
capacities. The predictive equation framework developed in Section 6 for strip 
footings is used to provide a formulation that accurately represents the complex 
bearing capacity envelope shapes obtained for spudcans. 
The loads and displacements measured in the analyses undertaken in Section 7 
are interpreted in Section 8 in order to obtain the corresponding vertical, 
horizontal and rotational spudcan foundation stiffnesses required to calculate a 
jack-up rig's static fixity. Important issues are raised that are not currently 
covered by the recommended practices for design. The degradation of the 
spudcan stiffnesses with load level due to the development of soil plasticity is 
also examined with equations derived that are suitable for design. 
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A means of analysing the dynamic fixity of spudcans is developed in Section 9, 
where dynamic time-domain analyses are performed on a single-leg model using 
the Fourier-Series-Aided Finite Element Method. The displacement-time 
response of the leg at hull level, is used to determine the equivalent natural 
frequency which is then used to calculate the leg's dynamic fixity. 
The process is used to perform a basic investigation of the effect of spudcan 
embedment upon the dynamic fixity of a rig with surprising results that are 
explained with reference to the work contained in preceding Sections. 
The overall conclusions of the study are laid out in Section 10 together with 
recommendations for consideration by practitioners and design code panels. 
Potential areas of future study are highlighted developing the work contained 
within this thesis with respect to three-dimensional, large-displacement and 
dynamic analyses that show much promise for further advances in our 
understanding of spudcan behaviour. 
A website has been constructed for this project in order that people may access 
information more easily. The site's address is: 
http: /Awm. spudcans. com 
The site contains useful links, an online database of the bibliography which has 
extra features, such as being able to search for publications that contain 
particular data or that are focused on particular areas. This thesis will also 
available digitally (in PDF format) on the site, where you can download it, and 
then print or search its contents. 
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2. 
MODELLING BEARING CAPACITY PROBLEMS 
All analyses undertaken in this thesis have used the Imperial College Finite 
Element Program, ICFEP. This program has been developed by Professor Potts 
over 20 years at Imperial College specifically as a tool for analysing problems in 
geotechnical engineering. 
This Section briefly describes the general approach to using the program and the 
procedures undertaken to ensure that the resulting data is both accurate and 
realistic. The underpinning science to finite element analysis is only detailed here 
so far as to explain why particular methods have been adopted. For a deeper 
discourse into finite element theory, readers are directed to dedicated texts such 
as Zienkiewicz (2005), with Potts & Zdravkovi6 (1999) providing comprehensive 
coverage of geotechnical aspects of the method. 
Finite element analysis enables the solution of a wide variety of complex 
boundary value problems including those that are not amenable to other forms of 
analysis such as the limit equilibrium or stress field approaches. 
The main advantage of finite element analysis is that it satisfies (albeit 
approximately) equilibrium and compatibility, can accommodate load and 
displacement boundary conditions and can, theoretically, model any material 
behaviour specified. 
The resulting solutions can only ever be approximations to the true solution due 
to the iterative method of solving the governing equations at discrete integration 
points within each finite element. In addition, the solution is based upon the 
inputs and soil models chosen by the user, thus in order for accurate and realistic 
results to be obtained, the user must have a thorough understanding of the 
problem being analysed, soil mechanics, numerical analysis and details of the 
specific software being used. 
The following Sub-Sections describe the various considerations, assumptions 
and methods that have been used in producing the results contained herein. 
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2.1. MESH DESIGN 
The accuracy of a finite element analysis is highly dependent upon the manner in 
which the material domain is discretised. In this thesis, the main material in each 
analysis is the soil, hence careful consideration is given to the design of the mesh 
of soil elements. 
In the analyses described in this study, the soil is represented using 8-noded, 
isoparametric, quadrilateral elements with four integration points, or Gauss 
Points, as shown in Figure 2-1, and thus employ reduced integration. As 
displacements are determined at each of the nodes, the displacement field within 
each element varies as a quadratic function. Should the material behaviour of an 
element be linear elastic, the strains therefore would vary linearly and hence it 
follows, stresses also. 
Higher order integration, using more integration points in each element, is 
available within the software program, and should accordingly produce a more 
accurate calculation of the variation of variables within each element. This 
increases computation times and, more importantly, full 3x3 integration can 
cause numerical 'locking' of the mesh in undrained analyses which, for bearing 
capacity analyses, can prevent ultimate capacities from being reached. 
xx Integration point 
Node 
Figure 2-1 Anatomy of an 8-noded, quadrilateral finite element. 
Generally if the soil domain is represented by more elements, and consequently 
more integration points, the accuracy of the result obtained will be improved, 
however the computation time will also increase. An intelligent approach is 
therefore required in order to balance an analysis's accuracy and efficiency (the 
latter with respect to both time and storage space). 
In order to improve accuracy further, element sizes are locally reduced (known as 
h-refinement) in the zones where the greatest stress and strain gradients are 
expected. For foundation problems, these zones are in the vicinity of the footing. 
At positions further from the footing, where variables vary spatially to a lesser 
extent, a coarser mesh can be used without affecting accuracy. 
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Transition elements, illustrated in Figure 2-2, are generally used in order to 
bridge between regions of high and low element densities. 
High element density Low element density 
Figure 2-2 Transition elements used to transition between zones of high 
and low element density. 
Care must be taken in order that no zones in the soil domain are represented too 
sparsely by elements, resulting in an 'ill conditioned' mesh as shown in the left- 
hand mesh in Figure 2-3 where an excessive area of soil is represented by a 
single element. 
111-conclitioned Well-Conditioned 
36 Elements 30 Elements 
Figure 2-3 Examples of BI- and well-conditioned meshes, from Potts & 
Zdravkovi6 (1999). 
For the case of rigid footing problems, of the kind investigated within this thesis, 
the greatest stress and strain gradients occur around the footing's edge. The 
mesh detail around the corner of the footing has a profound effect upon the 
accuracy of the calculated settlements and capacities, as discussed by Day & 
Potts (2000). An illustration of the benefits of using a well-designed mesh are 
shown in Figure 2-4 for the case of determining N,, for a rigid, smooth strip 
surface footing. Although Mesh A contains more than three times the elements 
within Mesh B, the error in the back-calculated bearing capacity factor is more 
than 7 times that obtained using Mesh B which refines the mesh design at the 
footing's edge and requires one third of the computation time. 
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Mesh A Mesh B Detail of Mesh B at footing corner 
Nc=5.17 
Figure 2-4 Example of inefficient (Mesh A) and efficient (Mesh B) mesh 
geometries and their corresponding back-calculated bearing capacity (Nc) 
values, adapted from Potts & Zdravkov/6 (2001). 
The investigation of the lateral capacity of a footing requires that the mesh detail 
at the soil-footing interface be sufficiently fine in order to accurately capture the 
local shearing failure mode that occurs. 
Figure 2-5 shows the finite element mesh adopted for the combined (vertical- 
horizontal-moment) loading of a strip footing in Section 6 with further detailing of 
the mesh treatment around the footing shown in Figure 2-6. Several features are 
evident: 
1. Element-size refinement (also termed h-refinement) in the zone of 
presumed failure mechanism, 
Particularly fine elements beneath the footing's corner of dimension 
B/1 28, 
Fine elements along the soil-footing interface, 
Coarse mesh in the far field. 
For detail, see 
5B 
Figure 2-5 Finite element mesh used for the calculation of the combined 
vertical-horizontal-moment bearing capacity of a strip footing. 
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Figure 2-6 Detail of finite element mesh for the investigation of the bearing 
capacity of a strip footing under combined loading - the smallest element 
has linear dimensions equal to 11,281hof the footing width. 
The above mesh can be regarded as reasonably well-conditioned - an efficient 
number of elements have been used in order to represent the whole soil domain, 
with sufficient fineness in the zone of interest. 
In order to model the possibility of soil-footing separation occurring, zero- 
thickness interface elements are used in the analyses in Section 6.3.3,7.3.3 and 
7.3.5 (refer to Potts & Zdravkovid, 1999) at the interface, as shown in Figure 2-7. 
Figure 2-7 Use of Interface elements at the soil-footing interface In order to 
permit soil-footing separation, from Potts & Zdravkovid (2001). 
These elements have a constitutive model such that, should a limiting tensile 
normal total stress, anjimit, be exceeded, the normal and shear stiffnesses become 
zero and no shear stresses can be sustained across the element, as illustrated in 
Figure 2-8. 
If no tensile normal stresses are desired, then anjimit is specified as OkPa. 
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Elemental normal and 
shear stiff ness 
Figure 2-8 No tension constitutive model for zero-thickness Interface 
elements. 
Whilst the shear stiffness is zero, the element is effectively open permitting both 
sides of the element to move independently of each other. Should compressive 
normal total stresses reoccur then the element will close and is able to sustain 
shear stresses once again. 
For interface elements that are not at the soil surface, separation will depend 
upon the bulk unit weight assumed for the surrounding soil as this controls the 
initial normal stresses across the element. In all analyses described in this thesis, 
a bulk unit weight, y of 18kN/M3 is used. 
2.2. SOIL PROPERTIES 
2.2.1 Constitutive behaviour 
All analyses described in this thesis assume undrained conditions and represent 
soil behaviour with an elastic, perfectly plastic constitutive model adopting the 
Tresca failure criterion. The elastic incremental stress-strain relationship is shown 
in Eq. 2-1, where increments of strain are related to increments of stress by the 
elastic stiffness matrix [D], defined in Eq. 2-2, in terms of the Young's Modulus of 
the soil, E, and the corresponding Poisson's ratio, v. 
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[AU, l AC., ' 
Au y Ae y 
Acrz [D Acz 
A, rxy A YXY 
A'r. 
" 
A r, 
Arzy Arzy, 
where: 
1-v v v 0 0 0 
v 1-v v 0 0 0 
Ev [D] v 1-v 0 0 0 
(1 + v)(1 - 2v) 0 0 0 
X2 
-V 0 0 
0 0 0 0 
1V2 -V 
0 
L '0 0 0 0 0 V2 - Vj 
Eq. 2-1 
Eq. 2-2 
To represent undrained conditions, the volume of an element must remain 
constant throughout an analysis, requiring Poisson's ratio to be equal to 0.5. If v 
is set to exactly 0.5, however, the elastic stiffness matrix [D] will become infinite 
for all stiffness components. Poisson's ratio is therefore normally set to some 
value slightly less than 0.5, generally 0.49 (Gourvenec & Randolph (2003a), 
Talebat & Carter (2000), Hossain et al. (2004). 
Potts & Zdravkovid (1999) investigated the influence of Poisson's ratio upon the 
solution obtained for an undrained boundary value problem comprising of a 
flexible strip footing on clay. The study compares the undrained settlement at the 
corner of the footing to the approximate solution given by Poulos (1967), as 
shown in Figure 2-9. The predicted settlements found from the analyses are 
shown to be close to the solutions of Poulos and do not significantly reduce for v 
values greater than 0.499. Based on this result, the value of Poisson's ratio 
adopted for all analyses described in this thesis is 0.499. 
Section 2 
Page 43 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
10 
00 " --*-- Double precission 
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SinSla precission 
a Poulos (1%7) 
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70 - 
60 - 
50 - 
40 - 
30 
0.4999999 0.499999 0.49999 0.4999 0.499 0.49 0.4 
Figure 2-9 Effect of Poisson's ratio upon the predicted undrained 
settlement at the comer of a flexible strip footing using finite element 
analysis, from Potts & Zdravkovi6 (1999). 
In order to incorporate soil plasticity under the conditions of undrained shearing, 
the Tresca failure criterion is adopted. This uses a total stress approach and 
specifies a constant shear strength, S,,, equal to one half of the deviatoric stress, 
q (= a, -a3), at failure, independent of the mean total stress, i. e. Suo4p), as shown 
in Figure 2-1 Oa. 
The Tresca model plots as a regular hexagon (with internal angles of 1201 in the 
deviatoric plane, centred on the space diagonal (also known as the isotropic 
axis), as shown in Figure 2-1 Ob. 
a) b) 
Ir 
1/2q=S. - 
Figure 2-10 The Tresca failure criterion and yield surface - b) from Potts & 
Zdravkovi6(1999) 
For undrained conditions to prevail, the constitutive model should predict zero 
elastic and plastic volumetric strains, thus it is generally assumed (as here) that 
the plastic potential is of the same form as the yield function, thereby assuming 
associated plastic flow. The software used here rounds the corners of the plastic 
potential's hexagon in order to avoid singularities at the corners of the hexagon. 
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In each analysis, soil elements are permitted to sustain tensile stresses. As 
mentioned previously, interface elements are used for the cases where soil- 
footing tension is not intended. As the focus of the present study is the undrained 
behaviour of footings due to the rapid application of loads, it is assumed that 
there is insufficient time during storm loading events for the excess pore 
pressures generated to significantly dissipate and it is anticipated that for 
cohesive soil, in most instances, soil-footing adhesion will occur. 
Effective stress analyses of the combined loading of spudcans have been 
undertaken to verify that, for realistic water depths, the induced negative pore 
water pressures do not exceed the cavitation pressure of water (=100 kPa for 
impure water), that could otherwise cause detachment at the spudcan-clay 
interface. 
2.2.2 Initial stresses 
Before any boundary conditions are imposed upon the mesh, all elements are 
specified initial stresses corresponding to the self-weight of the system. These 
are nominally specified with respect to the vertical and horizontal ettective 
stresses, with the latter generally being some multiple of the former, related by 
the coefficient of lateral earth pressure at rest, K,,, using Eq. 2-3. 
aIH=K,, C'v Eq. 2-3 
The KO value of a soil depends on a number of factors including the soil's 
mechanical properties and stress history. 
When a value of KO other than unity is adopted in a finite element analysis, this 
will 'induce' initial deviatoric stresses within the soil from the outset as the major 
and minor principal stresses are no longer equal. This is illustrated in Figure 
2-11. 
If a homogeneous soil strength profile is used, as in the majority of analyses 
described in this thesis, the induced deviatoric stresses will exceed the undrained 
strength available at depths greater than a critical value, z, given in Eq. 2-4. 
q<2Su for: 
2Su 
y(I - K, ) Eq. 2-4 
In order to avoid the possibility of the initial stresses lying in illegal stress space 
an initial KO value of 1.0 is used throughout the analyses in this thesis. 
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Deviator stress, q (kPa) 
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E 
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inn 
Figure 2-11 Deviatoric stress profile in a soil of unity density, rl8kNIM3 for 
various K. values. 
Potts & Zdravkovi6 (2001) illustrate in Figure 2-12 that, for the Tresca soil model, 
the ultimate capacity of a surface foundation is independent of the value of Ko. 
However it can be seen that there is some, minor influence of KO upon the 
elastoplastic load-displacement curve which may be due to the in-situ shear 
stresses in the soil being initially closer to the failure envelope for greater values 
of I Ko- 11. 
60 
Figure 2-12 Load-displacement curves for a surface strip footing for various 
K. values using a Tresca soil model, from Potts & Zdravkovjd (2001). 
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2.3. BOUNDARY CONDITIONS, 
Boundary conditions, specified in terms of incremental loads and displacements, 
are used to apply changes to, and restrain, a finite element mesh. 
These can be illustrated for the example of a strip surface footing, shown in 
Figure 2-13, with an axis of planar symmetry, A-B, through its centre using the 
boundary conditions specified in Table 2-1. 
,w 
Figure 2-13 Boundary conditions specified for all mesh analyses 
Boundary Horizontal Vertical 
A-B Au=O AFy=O 
B-C Au=O Aw=O 
C-D Au=O AFy=O 
D-E AFx=O AFy= 
Boundary Roughness Horizontal Vertical 
E A Rough &u=O &W=Wincr - Smooth &Fx=O AW=Wincr 
Table 2-1 Boundaty conditions specified for the various boundaries shown 
in Figure 2-13. 
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Where a rigid footing is modelled, the footing itself does not need to be 
discretised with finite elements. Vertical displacements applied to the footing can 
instead be transmitted to the soil using boundary conditions applied at the 
boundary (A-E in Figure 2-14) that represents the footing-soil interface. The 
vertical reactions to the accumulated displacements of this boundary correspond 
to the bearing load of the footing. 
> 
A A 
Figure 2-14 Representation of the vertical displacement of a rigid footing 
with boundary conditions 
This methodology is necessarily a displace m ent-control led approach, however a 
similar approach can be used with load-control whereupon the nodal vertical 
displacement degrees of freedom at the equivalent of the footing-soil interface 
are tied together, preventing any relative vertical displacements from occurring. 
This is shown in Figure 2-15 for load- and displace me nt-contro I led analyses of 
smooth and rough footings 
Load control Displacement control 
smooth rough smooth rough 
Figure 2-15 Methods of applying boundary conditions In order to replicate a 
rigid surface footing for load and displacement-controlled analyses, from 
Po Us & Zdra vko vid (200 1). 
Procedures for handling the boundary conditions of embedded footings, such as 
spudcans, are discussed in Section 3.5.4, particularly in relation to the treatment 
of the vertical side above the spudcan's edge. 
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2.4. ENSURING ACCURACY 
In solving the finite element equations for a particular increment of a boundary 
value problem analysis, errors are introduced due to the iterative nature of the 
calculation procedure. These are minimised by evaluating the constitutive model 
at 'legal' stresses, achieved (with the software used in this project, ICFEP) 
through the use of a sub-stepping stress point algorithm, ensuring that 
incremental stresses do not lead to violation of the soil's failure criterion. 
With respect to the set of global equations, Eq. 2-5, these errors cause the left- 
and right-hand sides of the equation to become unbalanced. 
[KG] [Ad] =[, äR] Eq. 2-5 
where: 
[Ad] is the matrix of incremental displacements, 
[KG] is the global stiffness matrix (assembled from each of the elemental stiffness 
matrices), 
[AR] is the matrix of incremental loads 
This discrepancy is quantified by 'residual loads', defined at each node as the 
difference between the loads calculated from the iterative stresses derived (using 
the corresponding stiffness value) from integration of the strain path during that 
iteration (determined from the iterative displacements), and the loads applied 
from the boundary conditions in that increment, and carried forward from the 
previous increment (or initial stresses, for the first increment). 
The Modified Newton-Raphson scheme minimises the residual load generated in 
an increment by performing a number of subsequent iterations within the 
increment. This uses the residual load carried over from the previous iteration as 
the incremental load in the subsequent iteration and assumes an identical 
stiffness to that in the original iteration, such that the residual load is 
progressively reduced. This is illustrated in Figure 2-16, for a single increment in 
which an incremental load ARj is applied (note the superscripts refer to the 
iteration number). 
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Load True solution 
ARj Ko 
12 IAd A 
Ad 
Displacement 
Figure 2-16 Illustration of the process of the Modified Newton-Raphson 
algorithm., from Potts & Zdravkovid (1999). 
The first application of ARj results in a residual load ql and displacement Ad, 
being generated. This residual load is then used as the applied load for the 
second iteration, which results in the displacement Ad 2 and residual load, N?. This 
is continued for 'n' iterations (not shown in Figure 2-16) until iterative load, JIV, 11 - 
defined in Eq. 2-6, for the whole mesh is within a certain load tolerance. This is 
defined as the absolute ratio of the total iterative load to the total incremental load 
in the mesh, i. e. Eq. 2-7 for the example shown in Figure 2-16. A similar 
tolerance can be defined in relation to incremental displacements within the mesh 
with respect to the incremental and iterative displacement vectors. 
Eq. 2-6 
Where: 
II VPI I= the iterative load 
i= node number 
N total number of nodes in the mesh 
n iteration number 
Load tolerance 
]EII 
Eq. 2-7 11ARIII 
All analyses described in this thesis adopt load and displacement tolerances of 
2%, however in most analyses it has been ensured that this ratio is significantly 
less than 2% using the approaches described later in this Sub-Section. 
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Convergence of an increment's iterations is not always possible. This can be due 
to numerical difficulties within the solution process or, in the case of load- 
controlled bearing capacity analyses, the onset of failure. As loads are applied 
incrementally, as shown in Figure 2-17, it is possible that the additional loading at 
a particular increment exceeds the ultimate capacity of the foundation, thus the 
program will find it impossible to reconcile the left- and right-hand sides of the 
global system of equations, Eq. 2-5. 
LoadAL Does not converge 
-------------------- 
------------- 
AQ -------- 4 -Failure, load 
---------- --------- 
-------- ----------- Last increment 
...... ------------ that converges Incremental 
9AQ - --- -------------- 
---- --------------- load applied -- ---------------- 
- ----------------- 
------------------ 
0 
Displacement 
Figure 2-17 Load-displacement curve of a footing from a load-controlled 
bead I ng capacity analysis. 
Thus in order to obtain accurate failure capacities using load-controlled analyses 
either many increments of small incremental loads, or some kind of sub-stepping 
procedure (as described in Section 6.2.5) must be employed. In Sections 6 and 
7, for example, the combined bearing capacities of strip and axi-symmetric 
footings are determined accurately by applying incremental loads that are less 
than 0.25% of the anticipated failure load. 
Difficulties in achieving convergence of increments due to numerical problems 
within the solution procedure can be due to several reasons: 
1. Excessive incremental loads or displacements applied to a finite element 
mesh can result in initial residual loads that are simply too large to be 
reduced within the increment using a sensible number of iterations. 
2. An insufficient number of iterations have been performed within the 
increment for the residual loads to reduce to within the tolerances 
specified. 
3. The residual loads within an increment start to increase, rather than 
decrease - termed 'divergence'. 
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If an increment does not converge, the residual loads left at the end of the 
increment are carried over to the following increment in addition to the 
incremental loads specified for the second increment. If the second increment 
applies the same incremental load as the first, then it is probable that it will also 
not converge as it has a greater incremental load to process than the first. 
The above numbered list of causes of convergence issues can be remedied as 
follows: 
1. The magnitude of the incremental load or displacement applied is reduced 
and spread over several increments. 
2. Finite element programs will normally permit the user to define the 
minimum and maximum number of iterations carried out within each 
increment. 
3. Due to the iterative method for solving the finite element equations, the 
solution can diverge as well as converge. The fluctuations of the mesh's 
residual loads can be observed with the software used in this project. This 
permits the user to specify whether the program should terminate the 
analysis upon divergence being encountered or continue, as often the 
residual loads will subsequently decrease upon further iteration and 
convergence is achieved. Examples of the three possible convergence 
paths are illustrated in Figure 2-18. 
Residual load 
within finite 
element mesh, 
11, n1l / 
Divergent 
Point of 
ivergence Re-convergenflt rMax. 
allowable 
xV tolerance 
---------- --- ----------- 
05 10 15 20 
Iteration number 
Figure 2-18 Typical variations of residual loads within an increment. 
Experience gained from this project has shown that, for displacement-controlled 
problems, it is better to stop the increment as the residual loads increase and 
follow that 'loading' increment with a number of 'dummy increments'. 
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A dummy increment is one in which no incremental changes are specified to the 
mesh, hence the only components of the right-hand side load matrix in Eq. 2-5 
are the residual loads inherited from the previous increment. A dummy increment 
thus iterates solely in order to reduce these residual loads, without extra burden 
from the application of further loading. During a dummy increment, in order to 
maintain displacement control, the footing's position is fixed such that the 
reduction in residual loads results in a reduction of the predicted footing 
reactions. Thus displace m ent-control led finite element analyses normally 
overpredict failure loads, whereas the converse is generally observed for load- 
controlled analyses. 
Initial trials of various incremental displacements, numbers of iterations per 
increment, and the number of dummy increments reveals that the sum of the 
residual loads across the mesh, xV, should be less than unity in order to prevent 
contamination of the results obtained due. 
This critical V range was found to be mesh size dependent (i. e. a1m wide strip 
footing is more sensitive to xV than one that is 20m wide), therefore this value is 
only a valid guide for the particular geometry investigated here. 
For displacement-controlled analyses, a minimum of 5 iterations per increment 
were used in conjunction with 9 dummy increments between each increment of 
incremental displacement. (Typically the normalised incremental vertical footing 
displacements were 0.05 to 0.125% of the footing's width). 
This system is very effective in preventing excessive residual loads from 
occurring during the analyses described, typically diminishing ly to values of the 
order of I X1 0-5 kN after the last dummy increment (c. f. the value of unity required 
for accurate results). 
Figure 2-19 illustrates how the residual loads in a bearing capacity analysis 
diminish by using dummy increments following the 'loading' increment (actually 
applying an incremental displacement to the footing). As the residual loads 
steadily decrease, the bearing load - calculated from the footing reactions - 
reduces until a steady value is obtained for residual loads less than around 
3. OkN. As a constant bearing load is obtained, the residual loads at the end of 
increments 308-310 do not influence the soil reactions. 
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Figure 2-19 The effective reduction of residual loads using dummy 
increments upon the bearing load observed. 
If an insufficient number of dummy increments or minimum number of iterations 
in each increment is used, then the residual loads will not diminish sufficiently for 
a constant bearing load to be achieved, as shown in Figure 2-20. This example 
indicates that the residual loads remaining at the end of increment 580 are 
influencing the bearing load measured and need to be further reduced for an 
accurate solution to be obtained. 
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Figure 2-20 Effect of insufficient reductions of residual loads using dummy 
Increments upon the bearing load observed. 
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Figure 2-19 The effective reduction of residual loads using dummy 
increments upon the bearing load observed. 
If an insufficient number of dummy increments or minimum number of iterations 
in each increment is used, then the residual loads will not diminish sufficiently for 
a constant bearing load to be achieved, as shown in Figure 2-20. This example 
indicates that the residual loads remaining at the end of increment 580 are 
influencing the bearing load measured and need to be further reduced for an 
accurate solution to be obtained. 
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(Aw = 0.025m) 
(Aw = 0) 
Figure 2-20 Effect of insufficient reductions of residual loads using dummy 
Increments upon the bearing load observed 
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In the case of load-controlled analyses (used in Sections 6 and 7) dummy 
increments cannot be used as the displacements are the unknown variable. 
In such situations, the accumulation of residual loads within the mesh is 
controlled by using smaller incremental loads and a larger number of minimum 
iterations per increment. 
As with most numerical procedures, the accuracy of a finite element analysis is 
proportional to the computation time taken. Apparent 'shortcuts' by applying large 
incremental changes, increasing tolerances or reducing the number of iterations 
performed will inherently result in an inferior solution being obtained. In the 
Author's opinion, there is little value in performing a finite element analysis unless 
the user is willing to allow the software to take sufficient time to deliver a robust 
solution. 
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3. 
VERTICAL UNDRAINED BEARING CAPACITY 
3.1. INTRODUCTION 
Before investigating the response of spudcan foundations to combined loading, it 
is first necessary to ensure that the numerical analysis software used in this study 
can produce accurate and robust solutions to bearing capacity boundary value 
problems involving purely vertical loading. 
This Section will introduce the bearing capacity equation for vertical loading, 
examine the role of shape, depth and soil properties on the ultimate capacity of 
strip and circular footings, and make recommendations as to the accuracy of 
current design formulae for the prediction of bearing capacity with depth. 
New expressions are proposed for the undrained depth factor and the capacity of 
a footing on soil whose undrained strength increases with depth. 
3.2. BEARING CAPACITY THEORY 
The general equation for the vertical bearing capacity, qf, for a strip footing at the 
soil surface was originally proposed by Buisman (1940), although readers are 
more commonly referred to Terzaghi (1943), and is given in Eq. 3-1 below. 
Cohesive + Weight 
term term 
qf cNc + 1/2, yBNy 
+ Surcharge 
term 
+ q,, Nq Eq. 3-1 
Where: 
c is the cohesive strength of the soil, 
N. is the bearing capacity factor with respect to the cohesion, 
y is the relevant self-weight of the soil, 
B is the width of the footing, 
N., is the bearing capacity factor with respect to the soil's self-weight, 
%, is the surcharge on the surrounding soil at the level of the footing, and 
Nq is the bearing capacity factor with respect to the surcharge. 
Section 3 
Page 56 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
The mechanism of failure, as determined by the stress field approach, is found to 
consist of five zones as shown in Figure 3-1: 
" An active 'Rankine' zone (ABC) beneath the footing, whose stress 
characteristics are inclined at 45 + 1/4' degrees to the soil surface. 
" Two passive 'Rankine' zones (AIDE & BFG) either side of the footing, 
whose stress characteristics are inclined at 45 - 1/4' degrees to the soil 
surface. 
" Two transition zones or fans (ACD & BCG) whose geometries are given 
by logarithmic spirals that necessarily reduce to circular arcs for Ou = 0, 
i. e. undrained conditions. 
13 - 
'a 
Figure 3-1 Generalised failure mechanism for a surface strip footing, 
reproduced from Craig (1997). 
The generalised expression for the ultimate bearing stress (Eq. 3-1) assumes 
that the three terms of the equation can indeed be superimposed to give an 
overall ultimate bearing stress, qf. Discussions on the validity of this premise are 
avoided here by noting that the following Sections only consider undrained 
conditions, hence only the first term of Eq. 3-1 is relevant to this study. 
When perfectly undrained conditions are considered, the average ultimate 
bearing stress for a footing of a particular geometry is given by Eq. 3-2 from 
Meyerhof (1950), also prescribed in the SNAME (2002) design code for spudcan 
foundations. 
This expression assumes the soil to be: 
Perfectly plastic, adopting the Tresca failure criterion (see Section 2.2.1) 
Incompressible, i. e. Poisson's ratio, v=0.5 
Homogeneous 
Isotropic 
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qf = s, dNS,, + q, Eq. 3-2 
In this thesis the bearing capacity actors are defined as follows: 
e The bearing capacity factor, N., is defined as the ratio of the average 
ultimate bearing stress, qf, to the undrained strength, Su, for a surface 
strip footing with no surcharge. 
0 The shape factor, sc, is defined as the ratio of the bearing stress at failure 
for a surface footing to that of a surface strip footing. 
0 The depth factor, d., is defined as the ratio of the bearing stress at failure 
of a footing at a certain depth to that of the same footing at the soil 
surface. 
qO refers to any surcharge that is applied at the footing's elevation, as 
illustrated in Figure 3-1. 
In the following Sub-Sections, each of the bearing capacity factors in Eq. 3-2 is 
investigated adopting the parameters detailed in Table 3-1. 
Parameter Value 
Footing width / diameter, B/D 20m 
Mesh extent 7.513 x 5B 
Element type 8-noded isoparametric with 
reduced (W) integration 
Undrained Young's Modulus, Eu 1 OOMPa 
Poisson's Ratio, v 0.499 
Undrained Shear Strength, Su 50kPa 
Failure Criterion Tresca 
Coefficient of earth pressure at 
rest, K. 
1.0 
Bulk unit density of soil, y 18 kN/m3 
Incremental vertical 
displacement in each loading 
increment, 8Wincr 
B/800 
Number of dummy increments 
after each incremental 
1 displacement (see Section 2.4ý__ 1 
9 
Table 3-1 Parameters used in the vertical bearing capacity analyses In this 
Section 
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3.3. BEARING CAPACITY FACTOR, Nc 
The value of the bearing capacity factor, Nc, has been shown by Prandtl (1920), 
using the method of stress characteristics, to be exactly (2+7C) for both smooth 
and rough strip footings. The derivation of this value is also given in English in 
Atkinson (1981). 
Day & Potts (2000) discuss the influence of mesh design upon the accurate 
determination of N. hence care has been taken, as detailed in Section 2.1, to 
refine the element sizes in the vicinity of the footing's corner. Day & Potts obtain 
an Nc value of 5.19 (an error of 0.94% compared to Prandtl's exact solution) for 
the two meshes shown in Figure 3-2. 
Footing 
B/2=1. Om 
S 
Cli 
V. 
J-1 I1 1-. 11 
-1 
2.4m 
Footing 
B/2=1. Om 
2.4m 
,w 
Figure 3-2 Meshes used by Day & Potts (2000) for the determination of Nc 
The mesh used in this study is shown in Figure 3-3, with further detail of the 
mesh treatment in the vicinity of the footing's edge shown in Figure 3-4. The 
boundary conditions specified are in accordance with those described earlier in 
Section 2.3. In order to economise on computation time, half of the soil domain is 
considered with an axis of symmetry present on the left-hand side of the mesh, 
denoted in the figures by the dash-dot line. 
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1/2B =1 Om 
I oom 
Figure 3-3 Mesh used for the determination of vertical bearing capacity 
factors. 
Footing 
: 311 bu 
Figure 3-4 Detail of mesh around the footing's edge 
The boundary nodes (A-B in Figure 3-4) corresponding to the footing's base were 
displaced vertically downwards by 0.025m (= Swi,, c, ) at each loading step with no 
horizontal displacement permitted, the footing is thus considered perfectly rough. 
Each loading step was followed by nine dummy increments in order to allow the 
residual loads to dissipate to a negligible level, as described in Section 2.4. 
Loading steps were repeated until a clearly defined failure load was apparent 
from the footing's load-displacement plot as shown in Figure 3-5. The ultimate 
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value of N, back-calculated from the vertical soil reactions at the footing's nodes, 
was found to be 5.192, within 1% of Prandtl's solution. 
6 
Nc 
- Ultimate 
capacity 
0 
0 0.0025 0.005 0.0075 0.01 0.0125 
Vertical displacement / Footing width 
Figure 3-5 Load-displacement response of a strip footing 
Further refinements in the estimation of N, are possible by using zero-thickness 
interface elements (Potts & Zdravkoviý, 1999), as described in Potts & 
Zdravkovi6 (2001). The normal and shear stiffness values (=lxlO'kN/m'), and 
the undrained strength (=50kPa) of these elements, were specified to ensure 
compatibility with those of the surrounding soil. 
The elements were placed at the boundary representing the footing, as shown in 
Figure 3-6, improving the representation of the kinematics in the vicinity of the 
displacement singularity at the footing's edge. Purely vertical displacements are 
imposed upon the nodes along the top surface of the interface elements, whilst 
the nodes along the bottom surface are able to move laterally, resulting in a 
better representation of the displacement field beneath the footing. 
Grey and black arrows 
represent nodal 
displacements on the top 
and bottom surfaces of the 
interface element 
respectively. 
Figure 3-6 Use of interface elements beneath footing to improve kinematics 
around the footing's edge. 
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Through the use of interface elements, the back-calculated value of N. was found 
to be 5.183, within 0.80% of Prandtl's solution. This level of accuracy is judged to 
be entirely satisfactory, and interface elements have hence been used for the 
analyses in the proceeding Sections in order to best model the kinematics of the 
bearing capacity mechanisms of rough footings. 
The exact solution for Nc is identical for rough and smooth strip footings, 
therefore a better estimate is obtained by modelling a smooth footing. This 
removes some of the above difficulties in modelling the kinematics beneath a 
rough footing. The smooth interface is achieved by relaxing the condition of zero 
lateral displacement along the boundary corresponding to the footing. The back- 
calculated N. values obtained, presented in Table 3-2, show that interface 
elements do not improve the estimation of Nc for smooth footings. This is 
expected from the consideration of the soil displacements shown in Figure 3-6 as 
smooth footings will, by definition, permit horizontal displacements to occur along 
the footing's base. The predicted value of N. is now only 0.18% greater than 
Prandtl's exact solution and is superior to those of other authors using the finite 
element method, as shown in Table 3-3. 
It is noted that accurate values of Nc are obtained here without resorting to 
is adjusting" the footing width as suggested by Hu & Randolph (1998) who state, 
without theoretical justification, that a "common adjustment" is to increase the 
footing width used in the back-analysis of N, by half the width of the element at 
the footing's corner. 
Smooth Rough 
Without interface elements 5.151 5.192 
With interface elements 5.151 5.183 
Table 3-2 Bearing capacity factors, Nc., found for a strip footing 
Author(s) Nc Software 
Sloan & Randolph (1982) <5.193 CRISP 
Ngo-Tran (1996) 5.24 OXFEM 
Hu & Randolph (1998) 5.5 
5.16* 
AFENA 
Day & Potts (2000) 5.19 ICFEP 
Gourvenec & Randolph (2003a) 5.20 ABAQUS 
* after arbitrarily increasing the footing size by half a corner element's width. 
Table 3-3 Bearing capacity factors obtained by other researchers using the 
finite element method. 
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The failure mechanism obtained in the above analysis for a rough footing is 
illustrated in Figure 3-7 below, where only the mesh in the vicinity of the footing is 
shown for clarity. The contours of absolute incremental displacement give an 
indication of the zones of soil that are moving at the same rate. Here, the rigid 
block of soil beneath the footing is evident, as is the overall boundary to the 
failure mechanism. Areas containing closely-spaced contours thus represent 
areas of shearing, shown as distorted elements in the displaced mesh. The grey 
triangles, indicated in the displaced mesh, denote the zones within which the soil 
is estimated to behave rigidly. These were determined visually as the region 
within which the elements maintained their original geometry, and are in good 
agreement with those predicted by Prandtl. The plastic soil displacements are 
confined to a zone that extends to 1.513 from the footing's axis of symmetry. 
Awl 
Footini 
Wt 
Displaced mesh at failure 
(displacements at 1 Ox scale) 
-Th 
Vectors of incremental displacements 
at failure 
Footing 
Contours of absolute incremental 
displacement corresponding to 
intervals of 100/0 8Wincr. (B= 10% 
-) K= 100% 
Absolute incremental displacement 
T- 
Contours of 25%, 50%, 75% and 99% 
of absolute incremental displacement 
(A, B, C, D) 
Au, 2, 
Figure 3-7 Soil movements beneath a rough strip footing at failure. 
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The bearing capacity of a strip footing can thus be accurately determined using 
ICFEP, obtaining a bearing capacity coefficient, N, that is within 0.2% of 
Prandtl's exact solution. 
In order to represent conical spudcan foundations, axi-symmetric analyses are 
required, as discussed in the following Section. 
3.4. SHAPE FACTOR, sc 
When considering an axi-symmetric footing, the mechanism in Figure 3-1 is no 
longer valid as the circumferential strains will reduce by the reciprocal of the 
radial distance from the axis of symmetry. 
The exact value for scN, for smooth circular footings has been derived by Shield 
(1955) as 5.69; whilst the value for rough footings is 6.05, from Eason & Shield 
(1960). Both values were obtained using similar numerical approaches to define 
the geometry of the stress characteristic field (shown in Figure 3-8). In each case 
the corresponding velocity field's strain rates were associated with the deduced 
stress field, confirming that an exact solution had been obtained. 
Figure 3-8 Slip-line field for a rough circular footing, adapted from Eason & 
Shield (1960) 
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F-Igure 3-9 Displaced shape of soil surrounding a rough circular footing at 
failure, reproduced from Eason & Shield (1960) 
Various authors have proposed values for scNc for circular footings. A selection of 
factors is given in Table 3-4 including the methods by which they were deduced. 
The results of authors who used the method of stress characteristics consistently 
suggest that the shape factor is 1.11 and 1.18 for smooth and rough circular 
footings respectively. 
In order to obtain s, , 
N, values here, identical analyses to those performed in 
Section 3.3 for the determination of Nc are repeated using an axi-symmetric 
geometry. In these analyses the axis of symmetry shown in Figure 3-3 is now an 
axis of revolution about the vertical axis. Table 3-5 lists the back-calculated 
results for the analyses with and without the use of interface elements. 
The shape factor shown is obtained by dividing the scN, value in Table 3-5 by the 
corresponding value of N. from Table 3-2. 
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Geometry s, N. SC Method Author(s) 
Smooth Circle 5.69 1.11 Char. * 
_ 
Shield (1955) 
Rough Circle 6.05 1.18 Char. * Eason & Shield (1960) 
Rough Circle 6.05 1.18 Char. * Cox (196 1) 
Smooth Strip <5.193 F. E. Sloan & Randolph (1982) 
Smooth Circle <5.918 1.14 
Smooth Strip 5.19 - 
Rough Strip 5.39 - F. E. Potts & Zdravkovi6 (2001)t Smooth Circle 5.87 1.13 
Rough Circle 6.52 1.21 
Smooth Circle 5.690 1.11 
Char. * Houlsby & Martin (2003) 
Rough Circle 6.052 1.18 1 
Rough Strip 5.20 - Gourvenec & Randolph 
Rough Circle 5.91 1.14 
F. E. 
(2003a) 
Strip 5.132L Salgado et al. (2004) 
5.203u - 
Circle 5.856L 1.13* 
F. E. 
I 
6.227u 1.21* 
, I I 
* Char. = Method of stress characteristics 
Potts & Zdravkovi6 note that more accurate results are possible by using a 
more refined mesh 
lower bound estimate 
u upper bound estimate 
8 In the case of Salgado's study, the shape factors reported here are calculated 
relative to the average of lower and upper bound estimates of Nc 
Table 3-4 Bearing capacity factors for various footing geometries found by 
other authors 
Smooth Ro gh 
s,, N, sc scN2 se 
Without interface elements 5.729 1.112 6.114 1.178 
With interface elements 1 5.725 1 1.111 1 6.082 1 1.174 
Table 3-5 Shape factors obtained for finite element analyses of circular 
footings. 
The use of interface elements again improves the accuracy of the bearing 
capacity factor obtained for rough footings. For both roughnesses, the values 
obtained are in good agreement (<l% error) with the corresponding exact 
solutions. 
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Figure 3-10 shows the soil displacements at failure for a rough circular footing. In 
a similar manner to the strip footing, there is a rigid conical block of material 
beneath the footing, denoted by the grey triangle. This block moves rigidly 
downwards with the footing, and has a greater apex angle compared to that for 
the strip footing. The failure mechanism's lateral extent is less than for the strip 
footing due to the axi-symmetric geometry, with all soil movements occurring 
within one diameter of the axis of revolution. 
Vectors of incremental 
displacements at failure 
Footing Footing 
Contours of absolute incremental Contours of 25%, 50%, 75% and 
displacement at intervals of 99% of absolute incremental 
10% SWincr- displacement (A, B, C, D) 
Where absolute incremental displacement = 
ýAu,, + Awi' , ncr incr 
Figure 3-10 Soil movements beneath a rough circular footing at failure 
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Vectors of incremental 
displacements at failure 
Footing 
displacement corresponding to 
Footing 
Footing 
intervals of 10% Mina- displacement (A, B, C, D) 
Where absolute incremental displacement= 
FF + AWF AUji.,, - +6 ancr 
Figure 3-11 Soil movements beneath a smooth circular footing at failure 
Figure 3-11 shows the incremental soil displacements that occur at failure 
beneath a smooth circular footing. The largest soil displacements occur next to 
the footing's corner, thus the mesh density in this zone is of crucial importance to 
the accuracy of the results obtained. Comparing Figure 3-11 to Figure 3-10 one 
can see that the smooth footing's failure mechanism is both shallower and more 
localised than that of the rough footing. 
The results obtained here show that the bearing capacity of circular footings can 
be accurately determined using displacement-controlled finite element analyses. 
This work is now extended to find the shape factors for conical footings which are 
more akin to actual spudcan geometries. 
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A wide range of footing geometries have historically been used for spudcans as 
shown in Figure 3-12. The most common design for modern spudcans is, 
however, a conical footing with a cone angle, P. of around 15V. The base is 
either flat or consists of a central spike with a cone angle of approximately 9V. 
The former is adopted in order that the footing may have a reasonable contact 
area (essential in resisting lateral loads) for situations where limited spudcan 
penetrations are expected, such as hard clays or sand. A conical or spiked 
spudcan could otherwise experience damage due to excessive stress 
concentrations at the tip of the can. 
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Figure 3-12 Typical spudcan geometries, from Young et al. (1984) 
Finite element meshes were developed using a similar geometry, design and 
element density to the mesh previously used for circular footings. Details of these 
are shown in Figure 3-13 and encompass a range of cone angles from 12711 to 
163", with two additional meshes designed to represent a spiked and a flat-based 
spudcan. 
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Figure 3-13 Detail of finite element meshes for conical footings. 
Rough spudcans were modelled using interface elements as described in Section 
2.1. It was found that interface elements were also required in order to model 
smooth spudcans. If purely vertical footing displacements were specified 
(allowing the footing boundary to move freely in the horizontal direction) the 
spudcan boundary moved inwards, as illustrated in Figure 3-14, in-filling the 
conical void. 
By using interface elements with a very low shear stiffness (1 kN/M3 compared to 
its normal stiffness of IOOMN/M3), the top surface is restricted from moving 
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laterally, preventing any inward soil displacements, but still ensures a smooth 
interface. 
ý'J( No interface ýýIn-filling 
elements 
With interface 
elements 
(shaded grey) 
-Figure 
3-14 Illustration of in-filling problem when modelling smooth conical 
footings. 
The back-calculated bearing capacity factors obtained from the analyses are 
listed in Table 3-6. The sc values are calculated using the corresponding Nc 
values for strip footings in Table 3-2. 
Cone angle, Smooth scNc Rough scNc Smooth sc Rough sc 
1200 5.013 6.088 0.975 1.184 
12711 5.095 6.089 0.991 1.184 
1350 5.196 6.091 1.011 1.185 
1500 5.382 6.106 1.047 1.188 
150 'If lat base 5.433 6.125 1.057 1.191 
150 " spiked 5.421 6.125 1.054 1.191 
1630 1 5.544 6.102 1.078 1 1.187 
Table 3-6 Shape factors obtained for smooth and rough conical footings 
1.20 
sc 
1.15 
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Cone angle, P C) 
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-41- Houlsby & Martin Rough 
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Figure 3-15 Comparison of shape factors obtained In this study to those by 
Houlsby & Martin (2003) 
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Figure 3-15 shows the results obtained here to consistently greater (by 
approximately 1%) than the exact solutions of Houlsby & Martin (2003). This 
slight inaccuracy may be due to errors incurred from the discretisation of the soil 
domain. 
The shape factors for rough axi-symmetric footings are independent of the 
footing's cone angle for the range of P values studied here, whilst the factors for 
smooth footings are significantly influenced, with an apparently linear relationship 
to the cone angle. 
From consideration of the failure mechanism observed for a rough circular footing 
in Figure 3-10, one can see that the failure mechanism for a conical footing, and 
hence sc, will only be altered from that of a flat circular footing if the footing's cone 
angle is less than that of the rigid zone of soil beneath the footing at failure. From 
visual inspection of Figure 3-10, this angle is approximately 1200, consistent with 
the minimum angle found by Houlsby & Martin (2003) beyond which the bearing 
capacity factor starts to increase (i. e. s, increases for P values less than 120'). 
3.5. DEPTH FACTOR, dc 
3.5.1 Definition 
The depth factor can be regarded as the gain in bearing capacity due to the 
increase in size of the failure mechanism with depth, such as is shown in Figure 
3-16. It does not include any effects of soil strength increasing with depth, nor 
surcharge loading due to overburden. 
ov QV 
I 
, , 0 , c 
Figure 3-16 Illustration of failure zones for smooth-sided embedded 
footings. 
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The depth factor for a footing is calculated as the net bearing capacity on the 
base of the footing (i. e. excluding overburden contributions) divided by the 
bearing capacity of the same footing at the soil surface. Unlike the shape factor, 
no exact solutions exist for the variation of the depth factor with a footing's 
embedment. 
The dashed line in Figure 3-17 illustrates the increase in bearing capacity with 
depth of embedment for a footing. The actual load-displacement response for a 
footing at the initial embedment shown, however, will follow the solid line. 
This illustrates the paradox in the analysis of bearing capacity with depth: depth 
factors are used to find the ultimate capacity of a footing at a particular depth. 
However upon loading the footing will settle, due to elastoplastic soil strains, and 
therefore become further embedded in the soil. The deeper footing embedment 
will result in a greater ultimate capacity due to the combination of the increase in 
depth factor and the overburden contribution. As will be shown in the proceeding 
discussion, an ultimate capacity cannot therefore be achieved for realistic 
conditions. 
Bearing capacity 
Initial embedmei 
Footi 
embedm( 
. i7 
Figure 3-17 Bearing capacity profile of an embedded footing. 
The ultimate bearing stress, qf, of a footing at a particular depth is conventionally 
calculated using Eq. 3-3. It therefore follows that the increase of ultimate bearing 
stress with depth is given by Eq. 3-4 assuming a homogeneous bulk unit density. 
q, s, d, N, S,, + r,, + q,, Eq. 3-3 
dql 
sN Eq. 3-4 dz, ", d, -. 
y 
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If the following assumptions are reasonably made: 
1. A soil profile's undrained strength does not reduce with depth. This could 
present a situation whereby the bearing capacity reduces with depth -a 
situation known as 'punch-through' which is covered in Section 5, 
2. A soil's effective bulk unit density is never negative, 
3. The change of depth factor, d(dc)/dz, is never negative, 
then dqf/dz, the increase in bearing capacity with depth, will always be positive, 
hence an ultimate capacity (where dqf/dz=O) will never realistically be reached. 
The depth factor, dc, is thus only correct for the purely theoretical case where the 
footing's position does not change under loading. This assumption is inherent in 
upper and lower bound solutions and small-displacement finite element analyses. 
In the latter method, whilst incremental displacements are summed to produce an 
accumulated solution, the computations do not update the mesh's geometry, 
hence for the purposes of calculations, the foundation is assumed not have 
displaced under loading. 
In the case of actual foundations, model footing tests and large-displacement 
finite element analyses, the footing will settle as vertical loading is applied, with a 
resulting load-displacement profile as shown by the solid line in Figure 3-17. In 
such situations a clearly defined ultimate capacity will not be observable for the 
reasons stated above. 
For practical design purposes, the assumption that the footing does not penetrate 
the soil under loading is conservative as it ignores the improvement in capacity 
due to the additional embedment. It can also be presumed that for most 
foundations, but not including spudcans, the settlements of footings are required 
to be small, hence approximating the above condition. 
3.5.2 Current design methods for spudcans 
The SNAME (2002) design code for jack-up platforms recommends the use of 
Eq. 3-3 for calculating the bearing capacity profile for spudcans. The 
Recommended Practice does not, however, explicitly stipulate the depth factor 
that should be used, although historically Skempton's (1951) design formula is 
referenced. In the Commentary section of the code, users are also directed to the 
tabulated results of lower bound calculations based on Houlsby & Martin (2003). 
Both of these commonly-used approaches are examined in the following 
Sections, as well as the recent work of Salgado et al. (2004). 
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Skempton 
Skempton (1951) first devised an expression for the undrained depth factor, 
producing both a graphical relationship, shown by the points in Figure 3-18, and 
a "simple rule", Eq. 3-5. The method is almost entirely based on the results of 
model tests by Meigh (1950), with additional considerations from six case 
histories and theoretical studies. As is evident from Figure 3-18 the depth factors 
for strip and circular footings deduced are practically identical, with Skempton's 
Eq. 3-5 representing a crude simplification of the non-linear increase of d,, with 
depth. 
1.6 
1.5 
1.4 
1.3 
1.2 
1.1 
1.0 
0 
Strip 
Ci l o rc e 
-Eq. 3-5 
Z/B sed eNe 
or Z/D Strip Circle 
0.0 5.14 6.2 
0.25 5.6 6.7 
0.5 5.9 7.1 
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2.5 7.2 8.6 
3.0 7.4 8.8 
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Figure 3-18 Depth factor values based on Skempton (1951) 
For ZIB: 5 2.5: 
dc 1+ 0.2 
z Eq. 3-5 
B) 
For ZIB > 2.5. * 
dc = 1.5 
Where: Z is the footing's embedment, and B is the footing's width or diameter. 
Examination of Meigh's original dissertation reveals that the model footings 
(shown in Figure 3-19) used in the circular footing tests are plate footings (as the 
base is of greater diameter than the stem) which have been penetrated into clay 
samples from the soil surface. Flow of soil around the footing (termed 'back-flow', 
discussed in detail in Section 3.5.5) was thus able to occur, albeit to a lesser 
degree due to the single gravity nature of the tests. The crucial significance of 
this is that the depth factors deduced from these tests will be more representative 
of a spudcan than a pile or deep foundation. 
Section 3 
Page 75 
,0 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
Figure 3-19 Model footings used in Meigh's tests. 
Figure 3-20 shows the "envelope" deduced by Skempton from the results of the 
circular footings penetrated from the surface. Also shown are the load- 
displacement responses of footings initially embedded at Z/D ratios of 0.5,1.5 
and 4.0. It is clear that footings penetrated from the surface and those pre- 
embedded trace a common envelope giving confidence in the results obtained. 
Figure 3-21 demonstrates the method used to pre-embed these footings into the 
clay sample (prepared upside-down) before testing. Note that the sleeve shown 
was not removed before or during the tests. It is presumed that, due to the 
relatively large displacements of the footings required to reach the envelope (in 
the range of 0.41D to 0.81D), the presence of the sleeve would not prevent back- 
flow from occurring, as illustrated in Figure 3-22. 
In each pre-embedded test the load was increased from point a, for the example 
of the surface footing, until "the strength is fully mobilised" (Skempton, 1951) at a'. 
scdcNc 
8 
-- r- 
I d 
4 
. C-l Li 
Figure 3-20 Variation of s, dN, (=qflS, ) with normalised footing depth from 
Meigh's tests, from Skempton (1951). 
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Figure 3-21 Method of preparation of pre-embedded footings, from Meigh 
(1950) 
I Sleeve I 
Initial 
FiTibedment 
Figure 3-22 Presumed failure mechanism in the pre-embedded footing tests 
The envelope in Figure 3-20 has been back-projected to the axis of zero 
penetration where the value of s, N, is specified as 6.2. This value was adopted in 
order to correspond with Meyerhof's "approximate solution" (the best available 
estimate at the time) for a rough circle, in which "it is tacitly assumed that failure 
occurs at deformations negligibly small compared to the breadth of the footing", 
Skempton (1951). 
The depth factors for circular footings deduced by Skempton were thus 
calculated as the ratio of the scdcNc value at a particular depth to the value of 
s, Nc=6.2 for a surface footing. 
Skempton's values are thus conservative as the exact value of s, N, for a rough 
circular surface footing is 6.05 (Eason & Shield, 1960), resulting in an 
underestimation of the depth factor. If the model footings used in the laboratory 
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tests were not indeed perfectly rough (which seems likely from Figure 3-19), a 
value of scNc between 5.69 and 6.05 would be more applicable, suggesting 
further conservatism in Skempton's dc values. 
The influence of the scNc value chosen upon the depth factor relationship 
deduced from Meigh's original data is shown in Figure 3-23. 
1.7 
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0123456 
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Figure 3-23 Interpretations of Meigh's data with respect to the value chosen 
for scNc for the model footings. 
The depth factors calculated for strip footings, however, do not suffer this error as 
Skempton used Prandtl's solution for the bearing capacity of a strip footing at the 
soil surface (which is exact for both rough and smooth footings). 
Houlsbv & Martin 
The SNAME (2002) recommended practice's 'Commentary' section includes the 
tabulated values of scdcNr. from Houlsby & Martin (2003), derived using the 
method of stress characteristics to produce lower bound estimates for the depth 
factors of circular and conical footings. Their analyses have considered footings 
of various roughnesses 'wish ed- i n-place' at embedments up to 2.5 times the 
footing diameter. The resulting stress fields are based on the premise that the 
vertical boundary above the footing's edge is perfectly smooth and does not 
permit any horizontal displacements, as illustrated in Figure 3-24. Backflow into 
the void above the footing is thus prevented. 
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Figure 3-24 Boundaty conditions assumed by Houlsby & Martin (2003) 
The depth factors obtained, shown in Figure 3-25, are greater than those of 
Skempton, and appear to continue increasing past Z/D=2.5, although 
extrapolation to greater embedments is explicitly proscribed by the authors. The 
depth factors for rough-based footings are slightly lower than for those with a 
smooth based, and are shown to be independent of the footing's cone angle, 
for cone angles greater than 1120ý 
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Figure 3-25 Depth factors deduced by Houlsby & Martin (2003) 
Martin (2001) produced upper bound estimates and further refined the lower 
bound calculations of Houlsby & Martin (2003) by using an inclined 'virtual free 
surface' and 'extension zones', as described by Martin & Randolph (2001). The 
study, which investigated caisson-type foundations, examined the bearing 
capacity of rough-based embedded footings with both smooth or rough sides. 
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The QVSu values for rough-sided footings presented by Martin (2001) include the 
shearing contribution along the side of the footing. The corresponding depth 
factors were thus deduced using Eq. 3-6 and are shown in Figure 3-26. 
For a rough-sided circular footing of diameter, D, embedded Z into the seabed: 
Qf = shaft capacity + base capacity 
2 
Qf =. TDZS,, +4 -sdNS. 
2.75 
2.5 0 
2.25 
2.00 
1.75 
1.50 
1.25 
1.00 
= 
; rD2 Su 
[ 4Z 
+ scdcNc Qf - 4D 
qf 4Z 
S. D+s,, 
d,, N, 
qf 4Z 
dc =[S. 
D] 
scNc Eq. 3-6 
0.0 0.5 1.0 1.5 2.0 
Z/D 
Smooth-sided Lower Bound -+- Rough-sided Lower Bound 
Smooth-sided Upper Bound --a- Rough-sided Upper Bound 
Figure 3-26 Upper and lower bound solutions of Martin & Randolph (2001) 
for the depth factor of a circular footing on homogeneous soil. 
Despite the improvements in bracketing the true solution, Martin (2001) noted 
that "the divergence of the bounds from their exact agreement at d/D=O is, 
regrettably, fairly rapid", where d/D corresponds to the nomenclature Z/D in this 
thesis. The utility of these bounds therefore reduces with depth of embedment 
and, for the case of a smooth-sided footing at an embedment of Z/D=2.0, the true 
depth factor can only be estimated as being between 1.55 and 2.25. 
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Salc7ado et al. 
More recently Salgado et al. (2004) have used a finite element limit analysis 
approach to produce lower and upper bound estimates of depth factors for 
various footing geometries including strip and circular footings. The footing is 
modelled at depth by applying normal loading to the bottom surface of a thin, 
horizontal void within the finite element mesh, as shown in Figure 3-27, whilst a 
vertical normal stress, equal to the overburden, is applied to the upper surface of 
the void. In addition, horizontal displacements are prevented along the void's 
lower surface. These boundary conditions would thus represent a rough 
embedded plate footing with soil overlying it. 
As no downward stresses or displacements are applied to the zone above the 
footing, the analyses of Salgado et al. are most similar to the previous analyses 
for smooth-sided footings. 
Load 
7 
A 
, Vfl 
110- f 
low 
11, AL 
Figure 3-27 Boundary conditions and lower bound mesh adopted by 
Salgado et A (2004) for an embedded circular footing, taken from their 
paper. 
Instead of referring to depth factors as stated here, they have interpreted their 
results assuming that depth factors are the same for all shapes of footings. 
Consequently their back-analysed shape factors increase with depth. The depth 
factors, shown in Figure 3-28, are deduced by dividing a shape factor for a 
particular depth, Z, by the corresponding shape factor for the footing at the 
surface and multiplying that value by the depth factor for a strip footing at Z. 
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Although the values obtained for strip footing depth factors form a remarkably 
narrow bracket to the true solution, the results for the circular footings diverge, 
particularly at Z/D values greater than 2.5. 
Although this method of interpretation highlights the fact that depth factors are 
not the same for different footing geometries, contrary to Skempton's results, it 
would appear to over-complicate the issue for practical purposes as they propose 
two factors that vary with depth rather than one. 
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Figure 3-28 Depth factors for rough strip and circular footings obtained by 
Salgado et al. (2004) 
The lower bound depth factors of Salgado et al. (2004) for rough circular footings 
are practically identical to those of Martin (2001) for smooth-sided, rough-based 
footings up to Z/D=1.27, and are significantly higher than those predicted by 
Houlsby & Martin (2003). Significantly, the lower bound curve continues above 
the plateau value of 1.55 suggested by Martin (2001) in Figure 3-26. Salgado et 
al. 's upper bound estimates are also lower than those of Martin (2001), producing 
a narrower bracket to the true solution. However, as the footing's embedment 
increases, Salgado et al. 's upper and lower bounds for circular footings diverge 
preventing an accurate estimate of the true depth factor. 
Salgado et al. 's results are also significantly higher than the model test data of 
Meigh, and the design curve of Skempton. The latter predicts a maximum depth 
factor of 1.5 occurring for embedments greater than 2.5 times the footing 
diameter. The lower estimate of Skempton is presumed to be due to back-flow 
occurring during the model tests. 
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3.5.3 Summary of current methods of analysis 
The depth factors proposed by Skempton are based on model tests of 
spudcan-type footings, where back-flow is permitted. The interpretation of 
the results, however, was incorrect as the value of scNc at the surface was 
incorrectly taken to be 6.2, based on the inaccurate estimate of Meyerhof 
(1950). The resulting relationship is therefore conservative, with the exact 
magnitude of conservatism being dependent upon the roughness of the 
model footings used, which was not stated. 
Skempton's solutions, after correction for the error in s, N., are applicable 
to spudcan-type footings and are conservative when applied to embedded 
footings, including pile foundations. 
The numerical analyses of Salgado et al. (2004) have used sufficiently 
similar boundary conditions to Houlsby & Martin (2003) and Martin (2001) 
for the comparison of results. In all studies, the zone of soil above the 
footing's edge is free to move vertically. 
The results of Salgado et al. produce a very narrow region of rigour for 
strip footings and a narrow region for circular footings for embedments 
less than Z/D=2.0. The lower bound values of d. derived by Houlsby & 
Martin fall well below the lower bounds of Salgado et al. suggesting that 
further refinement in their method is required. The results of Martin 
improve the accuracy of Houlsby & Martin's lower bound solution by using 
extension zones. Martin's upper and lower bound curves however 
produce a large range of possible d. values, precluding a precise estimate 
of the true depth factor to be made. 
The results of Houlsby & Martin and Martin are therefore too imprecise for 
a satisfactory estimate of the depth factor, and the results for Salgado et 
al. for circular footings are only of practical use for embedments less than 
twice the footing's diameter. 
The work of Hossain (2004, Hossain et al., 2004, Hossain et al., 2005a) 
has shown that a spudcan penetrated beyond a critical embedment will 
form a flow mechanism. Here soil will move from beneath the footing to in- 
fill the void above the spudcan in a contained mechanism that does not 
extend to the soil surface. The solutions for embedded footings will, 
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therefore, no longer apply at such penetrations, as backfilling is 
precluded. 
Subsequent backfilling of the void above the spudcan will increase the 
size of a back-flow failure mechanism, producing an increase in the depth 
factor, as suggested by the finite element analyses of Hossain (2004). 
These analyses, however, have assumed that the backfill contains no 
voids and has an equal undrained strength to the surrounding soil. These 
analyses will thus predict the maximum depth factor possible for a 
backfilled void, as in practice it is unlikely that complete backfilling will 
occur. 
In light of the above observations, a study of depth factors for both embedded 
and spudcan-type footings was devised in order to produce better estimates of 
depth factors for both conditions. The methodology and results obtained are 
described in the following Section. 
3.5.4 Finite element analysis of depth factors 
For consistency with the previous work undertaken in this thesis on the bearing 
capacity of strip and circular footings, an identical mesh is used for this small- 
displacement study of depth factors. As rough-based footings are modelled, zero- 
thickness interface elements have been placed at the base of the footing, as 
described in Section 3.3. In order to represent a footing at depth, the mesh is 
extended vertically upwards around the footing with a similar mesh density. For 
illustration, the mesh for a strip footing at an embedment of Z/B=1.0 is shown in 
Figure 3-29. Interface elements have also been applied to the vertical boundary 
above the footing's edge in order to control its roughness properties. A no- 
tension model, described in Potts & Zdravkovi6 (1999), is used here to prevent 
tensile stresses from occurring between this boundary and the soil, thus tension 
cracks are allowed to form, as illustrated in Figure 3-30. To represent a rough- 
sided foundation, the interface elements were given an undrained strength equal 
to that of the surrounding soil (50kPa) and normal and shear stiffnesses of 
1 x1 05kN/M3 . 
For a smooth-sided foundation the undrained strength was reduced 
to 1kPa and the shear stiffness to 0.001kN/M3. In this manner, the boundary 
provides negligible resistance to vertical movements and can thus reasonably be 
regarded as smooth. 
Section 3 
Nage 84 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
For each analysis, the initial stresses in the soil are updated to reflect the revised 
soil surface in conjunction with a bulk unit density of 18kN/M3. 
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*--0 
z 
5B 
7.5 B 
Figure 3-29 Finite element mesh used for ZIB= 1-0 
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Figure 3-30 Response of interface elements should tension form on the 
boundary A-B in Figure 3-29. 
In these analyses, the boundary A-B-C is displaced vertically downwards and the 
nodal reactions along the surface B-C are measured. The depth factor was found 
by dividing the sum of the nodal reactions along B-C by the corresponding value 
obtained for a surface footing. This ensures any bearing capacity contribution by 
the side of the foundation is removed from the calculation of cl, 
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For consistency, the circular footings were modelled using an identical approach 
and mesh except that an axi-symmetric analysis is specified. 
The results of the analyses of strip and circular footings are presented in Figure 
3-31 and Figure 3-32 respectively, and for each geometry the values obtained 
are compared with the upper and lower bounds of Salgado et al. (2004). 
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Figure 3-31 Comparison of depth factors obtained here for smooth and 
rough-sided strip footings with the bounds of Salgado et al. (2004). 
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Figure 3-32 Comparison of depth factors obtained here for smooth and 
rough-sided circular footings with the bounds of Salgado et al. (2004). 
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The depth factors for strip footings with smooth sides lie within the precise lower 
and upper bound solutions of Salgado et al., confirming the correspondence of 
the smooth-sided boundary conditions specified here to theirs, and the accuracy 
of each analysis. 
The values for rough-sided strip footings are higher than those with smooth sides 
as the side-wall roughness transports the adjacent soil downwards with the 
foundation, inhibiting the upward soil movements that would otherwise occur 
around the footing's edge, as shown in Figure 3-33, leading to a larger failure 
mechanisms and greater bearing capacity. 
 
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Figure 3-33 Soil displacements at the footing's comer for a smooth and 
rough-sided strip footing. 
In the case of circular footings, the scdcN, values for smooth-sided embedded 
footings are between the upper and lower bound estimates, with values less than 
the upper bound curve and following the same trend. The depth factors for the 
rough-sided footings are greater than the upper bounds, in concordance with the 
strip footing analyses. 
Hu & Randolph (1999) undertook similar analyses noted that at embedments of 
Z/D>2.0, "there is no load limit, even after a displacement of 0.31)". The 
suggestion made is that "this implies that the failure mechanism no longer 
extends to the soil-surface, and instead is linked to some form of cavity 
expansion". 
In the present study, well-defined ultimate loads were encountered in all 
analyses. This was aided by using a relatively high EjSu ratio of 2000, whereas 
Hu & Randolph adopted a lower value of 500. The settlements required for failure 
in their study were therefore four times greater (as the displacement required for 
failure is inversely proportional to the Young's Modulus, as will be introduced in 
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Section 4.3). Figure 3-34 shows the load-displacement curves for a smooth-sided 
circular footing embedded at Z/D=4.0 from this study, and the curve produced by 
an identical analysis using an EjSu ratio of 500. 
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Figure 3-34 Load-settlement response of a smooth-sided, circular footing 
embedded at ZID=4. O. 
The curve corresponding to the lower EjSu ratio has a scdcNc value of 9.97 at a 
settlement/diameter ratio of 0.3. This is in close agreement with the value of 9.9 
found by Hu & Randolph. It is clear that at this displacement the scdcNc value is 
still increasing, subsequently reaching an identical ultimate value to that for 
EjSu=2000. Had Hu & Randolph continued to displace the footings to greater 
settlements, they would have found identical ultimate capacities to those 
presented here. 
Interestingly, Hu & Randolph's large-displacement analysis for a smooth-sided 
circular footing initially embedded at Z/D=2.0 produced a scdNc value of 12.7 at 
Z/D=4.0 - in exact agreement to the value obtained here for Z/D=4.0 using a 
small-displacement analysis. 
All analyses presented in this study reached a clearly defined ultimate load, with 
incremental soil displacements at failure extending to the soil surface. The latter 
is a consequence of the boundary conditions specified and the incompressible 
soil behaviour. The results obtained here, therefore, suggest that the maximum 
depth of embedment studied (Z/D=4) was insufficient to cause a cavity expansion 
mechanism. 
Section 3 
Page 88 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
3.5.5 Penetration of spudcans 
The above upper and lower bound and finite element methods of analyses have 
all assumed the bearing capacity of a spudcan to be equivalent to that of an 
embedded rigid footing, of the kind illustrated in Figure 3-16. 
This analogy is not strictly applicable as spudcans are continuously penetrated 
from the seabed surface until the bearing capacity of the soil is sufficient to 
support the required preload. 
If a jack-up platform is installed in soft, under-consolidated seabeds, such as 
those present in the Gulf of Mexico or the Far East, the spudcans may 
experience penetrations of up to 50m. In such situations back-flow of soil may 
occur behind the footing as it penetrates into the seabed, as illustrated in Figure 
3-35. 
QV 
I 
Figure 3-35 Backflow of soil around a spudcan 
A clear visualisation of back-flow is displayed in an animation' of a centrifuge 
experiment reported by Hossain et al. (2005a). Figure 3-36 shows three images 
of successive stages of spudcan penetration from the movie: before and at the 
onset of a flow mechanism, and after in-filling of the void above the spudcan has 
occurred. 
Hossain et al. (2005a) showed that a flow mechanism will occur earlier in the 
spudcan's penetration than side-wall instability, and hence governs the initiation 
of backfilling. The subsequent design formula that predicts the normalised 
penetration depth, H, for the onset of backfilling in homogeneous soil conditions 
is given in Eq. 3-7. Hossain et al. (2006) also present a similar formula for the 
case where the undrained shear strength increases linearly with depth. 
The movie is available from the Centre for Offshore Foundations Systems' website: 
flttP:, 'WWW. COfS. LlWa. PCILI., iLI'Liiiks, COFS spudcan movie. avi 
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H S', 
Eq. 3-7 D yi); 
Where Z/D is the normalised limiting penetration at which back-flow commences. 
b) initiation of backfilling C) subblaiihal baulý, Idlwy z 
1/2D z=0.6D = 1.5D 
Figure 3-36 Images from centrifuge tests by Hossain et al. (2004) showing 
the development of back-flow mechanisms during spudcan penetration into 
normally consolidated clay. S, o = 5kPa, k=0.7kPalm, 7kNlm3 (Hossain, 
pers. comm. ) 
Hossain also undertook centrifuge tests penetrating full spudcan models to 
investigate bearing capacity factors. Although profiles are reported, such as that 
shown in Figure 3-37, the values include the overburden contribution. This is 
probably due to the inherent difficulty of determining either the equivalent bulk 
density or the appropriate height of the material above the spudcan throughout 
the test. Figure 3-36 reveals, for the half spudcan models, that this zone contains 
a varying degree of voids. 
If it is assumed that the in-filling of the void is complete and without voids 
(conservative) then the depth factors mobilised during the test shown in Figure 
3-37, can be derived by removing the overburden contribution from the crater. 
Annotations have been added to Figure 3-38 illustrating the relevant parameters 
that contribute to the bearing stress measured during the test at different 
penetrations. Hossain et al. (2005a) determined that the depth 'h' of the crater 
produced is equal to the depth at which backfilling commences, H. The value of 
'h' for this test is calculated, using Eq. 3-7, to be 0.735 D. 
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Figure 3-37 Bearing capacity factor profile obtained in a centrifuge test, 
adapted from Hossain et A (2004), ; VDIS, = 1.75. 
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Figure 3-38 Bearing capacity contributions operating in the results 
presented in Figure 3-37. 
For Z/D < h: 
Q, /A = s, d, N, S,, + 77 
Since YD/S,, = 1.75, y=1.75S, /D 
. -. 
d, = [0, /AS,, - 1.75Z/D]/scNc 
For Z/D ý! 
Q, /A = s, d, N, S, + Yh 
. -. 
d,; = [Q, /AS, - 1.75h/Dl/s, N, 
where h/D has previously shown to be 0.735 
Section 3 
Page 91 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
From the above calculations, the actual scdr. Ný profile is shown alongside the 
original data in Figure 3-39 below. The Q/AS. curve thus represents the original 
data measured in the test, whereas the lower curve gives the corresponding 
profile of scdcNc assuming that full back-flow occurs at penetrations beyond 
Z/D=h. 
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Figure 3-39 Values of scdcNc from Figure 3-38 assuming complete in-filling 
of the crater for penetrations, Z>h. 
Hossain et al. (2004) used the results of small-displacement finite element 
analyses, shown in Figure 3-40, to suggest that the depth factor will first stabilise 
at a value of approximately 1.3 as the flow mechanism occurs, followed by a 
subsequent increase to a value of approximately 1.85 for a smooth spudcan and 
2.0 for a rough spudcan (the former value confirmed by centrifuge model results). 
Note that the finite element analyses scdrNc values first level off at approximately 
8.0, in good agreement with the scdcNc curve in Figure 3-39. The higher values at 
greater depths are associated with the progressive in-filling of the void above the 
spudcan due to the flow mechanism which incorporates shearing resistance from 
the back-filled material. At depths of Z/D>1.5, the failure mechanism is contained, 
with soil moving from beneath to above the spudcan without causing disturbance 
to the soil surface, as shown in Figure 3-41. 
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Figure 3-40 Depth factor values for a spudcan penetrating uniform soil 
where back-flow occurs, from Hossain et A (2004). 
ov 
Figure 3-41 Contained failure mechanism of a spudcan at depth. 
The finite element analyses of Hossain et al. (2004) assume that the backfilled 
soil contains no voids and has an undrained strength equal to that of the 
surrounding soil. In this respect the bearing capacity values obtained are hence 
unconservative. The depth of the crater above the spudcan is also assumed to 
be equal to the depth (denoted 'h' in Figure 3-42) at which the flow mechanism 
was initiated, based on centrifuge tests detailed in Hossain (2004). 
For clarity, Figure 3-42 illustrates the methodology adopted in the small- 
displacement analyses: 
1. Penetration with an open void 
2. Initiation of the flow mechanism 
3. Analysis with a partly backfilled void. 
yD/Su = 1.75 FE (D =6m, smooth) 
1ý 
FE (D =6 rn. rough) 
yD/s. = 2.33 -6- FE (D = 12 m. smoothi 
-. &-FE (D = 12 m rouqh) 
Centrifuge test 
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Figure 3-42 Method of modellin backfillin adopted in the numerical 99 
analyses of Hossain (2004). 
The results of a large-displacement analysis undertaken by Hossain (2004), 
using the RITSS Arbitrary- Lagrangian- Eulerian adaptive re-meshing scheme (as 
detailed in Hu & Randolph, 1998), are in general agreement with the small- 
displacement analyses shown in Figure 3-43. Again the back-filled material is 
unconservatively assumed to possess an equal strength to the surrounding soil. 
The large deformation analysis exhibits a smoother increase in bearing capacity 
factor with embedment suggesting that the step-change in bearing capacity factor 
encountered with small-deformation analyses are actually a result of the 
modelling approach taken. 
12 
scdcNc 
8 
'AA 
6 
4 
2 
Large deformation 
Small deformation 
A 
Z/D 
Figure 3-43 Bearing capacity factors found using large-displacement finite 
element analysis with adaptive re-meshing, adapted from Hossain (2004). 
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3.5.6 Depth factors considering back-flow 
In light of the above observations, it is recognised that the results from the firlite 
element analyses of circular embedded footings undertaken in Section 3.5.4 may 
produce overpreclictions of the bearing capacities experienced during spudcan 
penetrations as back-flow of soil was precluded. 
The previous analyses have thus been repeated without applying any 
displacement boundary condition to the boundary A-B, as in Figure 3-44, 
permitting the possibility of soil back-flow occurring if required. 
B/2 
z 
5B 
Detail of mesh in the 
vicinity of the footing 
7.5 B 
Figure 3-44 Finite element mesh used for ZIB=1.0 
The boundary A-B is therefore unsupported and free to move horizontally and 
vertically throughout the analysis whilst the boundary B-C is displaced vertically 
downwards. The base of the footing is modelled as either being perfectly rough 
or perfectly smooth, as in Section 3.3, and the depth factor is calculated as the 
ratio of the reactions along B-C to the downward displacement for a particular 
depth to that of the same footing at the surface. 
Note that the vertical loads are derived from the soil reactions at the base of the 
footing, and hence do not include any effect of overburden. 
The bearing capacity factors obtained from the analyses are shown in Figure 
3-45 together with the data found in the previous Section for a smooth-sided, 
rough-based embedded footing. Similarly the scd, N, values are compared in 
Figure 3-46 with those presented in Figure 3-39 from centrifuge tests by Hossain 
et al. (2004). 
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Figure 3-45 Depth factors for smooth and rough-based footings allowing 
back-flow to occur. 
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Figure 3-46 Comparison of the bearing capacity factors obtained from the 
smooth-based footing analyses performed In the present study, and the 
Interpretation presented of Hossain et al. 's (2004) results from Figure 3-39. 
One can see from Figure 3-45 that for rough-based footings at Z/D: 51.5, the depth 
factor does not depend on whether back-flow is permitted. At greater depths the 
flow mechanism, described by Hossain (2005a), occurs causing the depth factor 
to remain constant at 1.61 and 1.60 for smooth and rough-based conditions, 
respectively. As these small-displacement analyses cannot replicate the actual 
backfilling of material that would thence occur, the depth factor does not show 
the subsequent increase at further penetrations that is seen in Figure 3-46. 
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The values obtained in the finite element analyses presented here will therefore 
be conservative, as the failure mechanism does not include back-flow material. 
This is not a major deficiency as the back-flow material will be both remoulded 
and of an unpredictable structure, preventing an accurate assessment of its 
geotechnical properties. 
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Figure 3-47 Comparison of depth factors obtained here, using finite element 
analyses permitting back-flow, to the solutions of Skempton (1951) and 
Houlsby & Matfin (2003) 
Figure 3-47 shows that the approach currently recommended by SNAME 
significantly underpredicts depth factors compared to the results of the present 
study, which are in good agreement with the findings of Hossain's centrifuge 
experiments (Figure 3-46). It is therefore reasonable to suggest an improved 
method of determining dr, values for use in the analysis of spudcan penetrations. 
3.5.7 Recommendations for design 
Depending on the allowable degree of conservatism in the estimate of a 
spudcan's bearing capacity (where conservatism is defined as an underestimate 
in the prediction of bearing capacity), several approaches may be taken using the 
standard bearing capacity equation, Eq. 3-8, each of which are illustrated in 
Figure 3-48. 
qf = s, d, NS,, + %, Eq. 3-8 
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1. A conservative approach would be to adopt the depth factors obtained 
1. 
from the finite element analyses here that permit back-flow (Figure 3-45) 
and neglect the overburden term in the bearing capacity equation, Eq. 
3-8. This assumes that complete backfilling has occurred and the 
backfilled material has no strength. 
2. A less conservative method would also include an overburden 
contribution that is equal to Yh, where h is defined in Eq. 3-7. This 
presumes that the void above the spudcan is open to a depth, h, and the 
backfilled material has no strength. 
3. A greater, but possibly unconservatively high, estimate of q, would be 
obtained by using the bearing capacity factors of Hossain et al. (2004) in 
Figure 3-43, which assume the backfill has an undrained strength equal to 
the surrounding, intact soil. The overburden term would be equal to Yh 
corresponding to a crater of depth, h. Note that the depth factor 
relationship proposed by Hossain et al. (2006) does not provide a good 
match to their data for homogeneous conditions and is thus not 
recommended here. 
---- -------- 
h 
--------- ---- 
C oooý Cý 
Figure 3-48 Illustrations of the assumptions made in each of the above 
possible design approaches (hatched areas represents soil of zero 
undrained shear strength). 
A pragmatic solution would be to use options 2 and 3 above as lower and upper 
bound solutions respectively, as the strength of the backfill cannot usually be 
accurately determined. 
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3.6. BEARING CAPACITY WHERE UNDRAINED STRENGTH 
INCREASES WITH DEPTH 
For completeness the vertical bearing capacity of footings has been analysed for 
the situation where the soil's undrained strength increases linearly from Suo at 
the surface byk'kPa/m with respect to depth as shown in Figure 3-49. 
Solutions exist for strip footings (Davis & Booker, 1973) and lower bound 
estimates are available for circular footings (Houlsby & Martin, 2003) at the soil 
surface with both smooth and rough bases. The purpose of the following 
analyses is to confirm that the finite element program used throughout this thesis 
(ICFEP) gives accurate estimates of bearing capacity for heterogeneous soils of 
this nature. 
suý 
Depth 
Undrained strength 
Figure 3-49 Nomenclature adopted In the analysis of footings where the 
soil's undrained strength increases with depth. 
The results of Davis & Booker are presented in a graphical form (Figure 3-50), 
introducing the possibility of errors in reading values from their chart, as noted by 
Gourvenec & Randolph (2003a). 
In Davis & Booker's design equation (Eq. 3-9), the bearing capacity for a footing 
on a heterogeneous clay is determined by multiplying the sum of the bearing 
stress at failure of a surface footing on a homogeneous soil of strength Su,,, and 
the additional undrained strength at a depth of B/4, by a factor T' that depends 
solely upon the value of the non-dimensional ratio: kB/Su,, as shown in Figure 
3-50 below. (Note: Davis & Booker use p rather than W for the rate of increase in 
S,, with depth) 
qf =F[(2+; r)S.,, +-LkB] 4 Eq. 3-9 
where Ff 
(-kB ) 
as defined in Figure 3-50 
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F 
Figure 3-50 T' values (as in Eq. 3-9) for rough and smooth strip footings, 
after Davis & Booker (1973). 
3.6.1 Finite element analysis 
The proceeding analyses examine the bearing capacity of rough and smooth, 
strip and circular footings at the soil surface. The mesh used in these 
computations (Figure 3-3) is identical to that employed for the investigation of 
bearing capacity factors in Section 3.3. 
The finite element program permits soil parameters such as undrained strength, 
Su, and Young's Modulus to vary linearly with respect to the x or y-coordinate in 
the mesh. 
In this case the undrained strength is specified as the relevant Su,, value at the 
soil surface. The rate of change of undrained strength with y-coordinate, W, is 
negative as the y-axis direction is vertically upwards. By varying the specified Su" 
and V values, any (kB/SuO) ratio can be produced. 
For seabed conditions, typical values of V may be as high as 1 OkPa/m, whilst 
Suo can range from 0 to 100kPa. The width of seafloor foundations may range 
from 1m for sub-sea structures, to 20m diameter spudcan foundations. 
As W and Su,, can both realistically be zero, the ratio kB/Su,, may take any value. 
However if a minimum Su,, value of 1 OkPa (corresponding to a very soft clay) is 
adopted, the corresponding range of kB/Su,, ratios reduces to between 0 and 20. 
Table 3-7 details the soil strength heterogeneity properties used to investigate 
the range of kB/Su,, ratios for the strip and circular footings. The redundancy in 
these parameters is utilised as a check for consistency between analyses (i. e. 
particular kB/Su,, ratios are achieved by using more than one pair of Su. and V 
values). In each instance the load-displacement response of the footing was 
examined to ensure that an ultimate load had been achieved. 
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0.0 2.5 5.0 7.5 10.0 
6.25 0.0 8.0 16.0 (24.0) (32.0) 
12.5 0.0 4.0 8.0 12.0 16.0 
25.0 0.0 2.0 4.0 6.0 8.0 
37.5 0.0 1.333 2.667 4.0 5.333 
50.0 0.0 1.0 2.0 3.0 4.0 
75.0 0.0 0.667 1.333 2.0 2.667 
100.0 0.0 0.5 1.0 1.5 2.0 
150.0 0.0 0.333 0.667 1.0 1.333 
Table 3-7 Combinations of Su,, and V and corresponding kBISuo ratios 
used in the parametric study. Values shown In brackets were not analysed. 
The bearing stresses at failure obtained for the rough and smooth, strip and 
circular footings are shown in Table 3-8 through Table 3-11 below. The results for 
the strip footings are presented in Figure 3-51 as Davis & Booker's 'F' values 
alongside their solution. 
It is evident that the results of the finite element analyses are in good agreement 
with those of Davis & Booker, although at higher values of kB/SuO, the values 
obtained here for rough footings are slightly less than the exact solution (by 2.5% 
for kB/Su,, =20). 
The ultimate capacities for the circular footings have been plotted in Figure 3-52 
as modified bearing capacity factors, N., defined as qf/Suo for comparison with 
the lower bound results of Houlsby & Martin (2003). The correlation is again very 
satisfactory, giving further confidence in the program and the methodology 
employed here. 
The ratio of the ultimate capacity of a circular footing to that of a similar strip 
footing on heterogeneous clay is shown in Figure 3-53, and corresponds to the 
shape factor. It is evident that this is not a constant for heterogeneous soil 
strength profiles. It would therefore be incorrect to obtain the ultimate capacity of 
a circular footing by simply multiplying the Davis & Booker solution for a strip 
footing by the shape factor for a footing on uniform clay. 
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0.0 2.5 5.0 7.5 10.0 
6.25 32.2 61.5 82.6 
12.5 64.4 98.3 122.9 144.8 165.2 
25.0 128.8 167.5 196.8 222.3 246.0 
37.5 193.2 234.4 266.6 295.1 321.0 
50.0 257.6 300.5 334.7 365.2 39 %3.2' 
75.0 386.4 431.6 468.9 502.1 533.1 
100.0 515.3 562.0 601.4 636.8 669.8 
150.0 773.1 821.7 863.8_ -902.2 938.4 
Table 3-8 Bearing stress, qf (kPa), at failure for a smooth strip surface 
footing on heterogeneous soil 
SUO k 0.0 2.5 5.0 7.5 10.0 
6.25 32.4 72.4 97.6 
12.5 64.8 114.3 144.9 171.8 195.9 
25.0 129.6 190.8 229.3 261.5 2190.8 
37.5 194.4 261.8 306.8 343.9 376.9 
50.0 259.2 331.6 381.1 420.9 457.9 
75.0 388.9 467.5 524.9 572.0 613.6 
100.0 518.6 600.9 664.0- 716.7 762.9 
150.0 778.0 864.5 935.3 996.0 1050.2 
Table 3-9 Bearing stress, qf (kPa), at failure for a rough strip surface footing 
on heterogeneous soff 
suo k_ 0.0 2.5 5.0 7.5 10.0 
6.25 35.8 56.6 72.1 
12.5 71.5 95.1 113.1 129.2 144.2 
25.0 143.0 169.2 190.2 208.9 226.3 
37.5 214.5 242.0 264.8 285.3 304.3 
50.0 286.0 314.4 338.3 360.1 380.4 
75.0 429.3 458.2 484.0 507.2 529.2 
100.0 572.5 602.1 _ 628.5 653.1 76.5 
150.0 859.0 889.0 917.0 1 943.1 967.8 
Table 3-10 Bearing stress, qt (kPa), at failure for a smooth circular surface 
footing on heterogeneous soil 
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0.0 2.5 5.0 7.5 10.0 
6.25 38.0 66.3 85.2 
12.5 76.1 109.7 132.6 152.4 170.4 
25.0 152.2 191.6 219.5 243.6 265.3 
37.5 228.2 270.9 302.3 329.3 353.8 
50.0 304.3 348.5 382.4 412.5 439.0 
75.0 456.5 503.4 541.8 574.5 604.3 
100.0 608.2 657.0 698.1 733.9 766.1 
150.0 912.3 962.7 1007.6 1046.8 1083.3 
Table 3-11 Bearing stress, qf (kPa)., at failure for a rough circular surface 
footing on heterogeneous soil 
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Figure 3-51 T'values found bypresentF. E. A. and by Davis& Booker (1973) 
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Figure 3-52 Bearing capacity factors,, Nco, found by finite element analysis 
and by Houlsby & Martin (2003) 
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Figure 3-53 Variation of shape factor (defined as qfcj, -cje1qfstjp) for rough and 
smooth circular footings with strength heterogeneity. 
After manipulation of the data obtained from the finite element analyses, a 
discernible pattern was found that could be used as a predictive relationship for 
the bearing stress at failure, resulting in Eq. 3-10. Two parameters a and P are 
introduced which are dependent upon the shape and roughness of the footing in 
question. The optimum values (shown in Table 3-12) were ascertained using a 
'brute force' approach (due to multiple local optima) in order to minimise the 
maximum error in predictions of the bearing stresses at failure. 
kD (, 
_ 
kD)- 
qf = Suo Nc I+ 
suo 
18 
suo 
Eq. 3-10 
a 
Max. absolute error In 
prediction of FE results 
S i 
Rough 41.2 
. 
194.9 5.79% 
tr p Smooth 56.0 403.4 2.74% 
Ci l ough 49.1 419.2 2.95% rc e Smooth 65.8 776.1 1.48% 
Table 3-12 Optimum values of a and, 8 for use with Eq. 3- 10. 
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The errors noted in Table 3-12 are sufficiently small for the equation to be applied 
in design calculations, especially considering the likely accuracy of V and Su. 
values obtained from typical site investigations. 
The advantage of using Eq. 3-10 is that it provides a consistent formula, 
regardless of footing shape or roughness, producing a direct solution without the 
need for interpolation or scaling of graphical solutions. 
Table 3-13 compares the values of qf/Su. found by the finite element analyses 
here and the predictions of Eq. 3-10 (using the exact values of N. (Prandtl, 1920) 
and scNc (Eason & Shield, 1960)) to data presented by Gourvenec & Randolph 
(2003a). 
The results obtained in this study are consistently more accurate than Gourvenec 
& Randolph's data, and within 2% of Martin's exact solution for the range of 
kD/Su,, values considered. 
Footing kD/Suo 
shape Author 0 1 2 3 6 10 
Present study 5.18 6.63 7.62 8.42 10.5 N/A 
(FE results) (+I%) (+0%) (+0% (+0%) (+0%) -1 1 5.14 6.20 7.21 8.16 10.71 13.37 Eq. 3-10 
(0%) 1 (-6%) (-5%) %) (-3%) (+3%) (+6%) 
Gourvenec & 5.20 6.70 7.71 8.55 10.62 12.951 
Strip Randolph (2003a) (+1%) (+1%) (+1%) (+2%) (+2%) (+2%) 
Davis & Booker 5.14 6.60 7.65 8.43 10.46 12.76 
(1973) (estimated) 
Martin (from 5.14 6.61 7.60 8.41 10.42 12.66 
Gourvenec & 
Randolph 2003a) I 
Present study (FE 6.09 6.97 7.65 8.25 9.74 N/A 
results) (+1%) (+0%) (+0%) (+1 ) (+1%) 
6.05 6.75 7.41 8.05 9.79 11.70 Eq. 3-10 
Circle (0%) (-3%) (-3%) (-2%) 1 (+1%) (+ . 
3%) 
Gourvenec & 5.91 6.77 7.45 8.04 9.56 11.28 
Randolph (2003a) -2% (-3%) -2% (-2%) (-1%) (-1 % 
Martin (2001) 6.05 6.95 
L 
7.63 8.21 9.69 11 . 37 
Table 3-13 Bearing capacity factors for rough footings on clays of various 
strength heterogeneities with errors shown relative to the exact results of 
Martin (2001). 
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3.7. SUMMARY 
9 The finite element program used in this study (ICFEP) has been shown to 
reliably and accurately predict the vertical undrained bearing capacity of 
surface and embedded footings. Judicious mesh design, and careful 
scrutiny of any residual loads encountered, has ensured results of the 
highest accuracy. 
The errors in the ultimate capacity predicted by the numerical analyses for 
surface footings (whether strip or circular, rough or smooth) on 
homogeneous clay are within I% of the corresponding exact solutions. 
9 The shape factors of rough and smooth conical surface footings back- 
calculated from the results of the finite element analyses performed here 
are in excellent agreement with the exact solutions of Houlsby & Martin 
(2003) 
The current SNAME recommended practice recommendations for depth 
factors, based on the work of Houlsby & Martin (2003) have been shown 
to be significantly conservative. 
The experimental work, upon which Skempton's design method is based, 
has been shown to relate to model footing tests where there is the 
possibility of back-flow occurring, and is thus applicable to spudcans. This 
study has, however, been shown to be unnecessarily conservative when 
applied to piled foundations or embedded footings of the kind shown in 
Figure 3-16. 
The depth factors deduced by Skempton are underestimates as the 
values are calculated based on Meyerhof's incorrect overestimate of the 
bearing capacity factor for a surface footing. The apparent smoothness of 
the model footings used would suggest that even higher depth factor 
values can be correctly derived from the original data. 
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9 The lower bound estimates of the bearing capacities of circular footings of 
Houlsby & Martin (2003) are lower than the lower bound estimates of 
Salgado et al. (2004) for comparable boundary conditions. 
Finite element analyses undertaken in this study have produced depth 
factors that are consistent with the upper and lower bounds of Salgado et 
al. (2004) for both strip and circular, solid embedded footings with smooth 
sides. 
Depth factors have been calculated for rough-sided footings, such as 
deep foundations and piles, which are significantly greater than those 
predicted by Skempton's design method, and are recommended for future 
use in design. 
Depth factors have been deduced for embedded flat circular footings 
where back-flow is permitted. These are in good agreement with the 
centrifuge model tests of Hossain (2004). 
e Three possible design approaches have been proposed for evaluating the 
bearing capacity profiles for spudcans. Each corresponds to a different 
level of conservatism. 
The ultimate capacities of strip and circular footings have been calculated 
for the case where the undrained strength increases linearly with depth. 
The failure loads obtained for these heterogeneous soil profiles have 
been compared with the relevant exact solutions, showing excellent 
agreement. 
A general formula, suitable for design, has been determined based on the 
results of the parametric study undertaken here for kD/Su,, ratios less than 
20. The formula is able to predict the failure loads of strip and circular, 
rough and smooth, surface footings to within 6% of the exact solution. 
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4. 
PREDICTION OF VERTICAL UNDRAINED 
ELASTOPLASTIC FOUNDATION DISPLACEMENTS 
4.1. INTRODUCTION 
The analyses detailed in the previous Section led to the realisation that the 
ultimate capacities of foundations can be obtained more efficiently (in terms of 
computation time) if it is possible to predict the number of increments required for 
a particular footing to reach failure. For displacement-controlled analyses, this is 
equivalent to the displacement required for failure to occur. 
Computation times have already been reduced by minimising the number of 
dummy increments used to obtain acceptably low residual loads, and by 
maximising the incremental displacement applied during each 'loading' step. 
As analyses are performed sequentially (being queued on the workstation) 
substantial time savings can be achieved by terminating analyses once their 
failure loads have been obtained. This is especiallyý true as the most intensive 
computation (and hence computation time) occurs when iterating during plastic 
increments, i. e. those corresponding to loading near or at a foundation's failure. 
Figure 4-1 illustrates that if a displace m ent-contro II ed analysis is continued 
beyond the displacement (and hence increment) denoted by the dashed line, no 
further useful data is obtained. Care must be taken however, to ensure that there 
are sufficient increments in the analysis to enable the identification of a clearly 
defined ultimate load. 
Load Insufficient unnecessary 
of --------- 
Displacerýent or Increment 
Figure 4-1 Illustration of the optimal number of increments In a 
displacement-controlled failure load analysis. 
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Examination of the load-displacement behaviour of a footing under vertical 
loading on an elastic, pe rfectly- plastic soil, shown in Figure 4-2, reveals a number 
of basic features: 
The gradient of the load-displacement curve represents the footing's 
tangential stiffness to vertical loading. 
The initial response (0-A) is elastic, with the footing displacement 
increasing linearly with the load applied. 
Point A represents the 'first-yield' load of the footing, where soil plasticity 
first occurs. For rigid footings, this is around the footing's corner. 
* At loads greater than those at A, the load-displacement curve becomes 
non-linear, with a decreasing gradient. 
At B an ultimate load, Qf, is reached beyond which the footing cannot 
sustain any further loading, and displacements continue ad infinitum. The 
tangential stiffness is therefore zero for displacements greater than those 
at B. 
Loac 
a 
Displacement 
Figure 4-2 Salient features of a typical elastoplastic load-displacement 
curve. 
This Section describes how the above features are quantified, mostly based upon 
the load-displacement responses of the footings studied in Section 3. 
The elastic behaviour of surface and embedded footings is first investigated 
taking into account the effects of footing shape and roughness. The results 
obtained are compared with existing solutions and the SNAME (2002) 
recommended practice for jack-up platforms. 
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A simple, 4-parameter model is then proposed in Section 4.3 for determining the 
elastoplastic load-displacement response of surface footings on a homogeneous 
Tresca-type soil. The basis of this model is also used later in Section 7.2.5 to 
determine the failure loads of spudcan footings under combined loading. 
Restrictions in the range of footing problems that the 4-parameter model can be 
applied to, however, necessitated the development in Section 4.4 of a second 
framework using 'similarity curves'. 
The 'similarity curve' method predicts the elastoplastic load-displacement 
response of a particular footing by scaling a single, known, non-dimensionalised, 
fundamental load-displacement curve. 
The procedure can calculate the elastoplastic response with 7% for rough and 
smooth, strip and circular footings for any depth of soil and the majority of 
realistic rates of increase of undrained strength with depth. Extra non- 
dimensionalised load-displacement curves are provided for embedded footings 
and for moderate soil strength heterogeneity, where the fundamental curve 
cannot produce satisfactory predictions. 
The resulting framework provides a consistent toolkit with which an engineer can 
predict a footing's elastoplastic load-displacement response. 
The extent of the current discussion of settlements and stiffnesses is restricted to 
purely undrained loading, as is covered by this thesis. Effects such as 
consolidation and secondary compression are therefore not considered. It is 
similarly recognised that a footing's load-displacement response is influenced, to 
a minor extent, by the soil's coefficient of earth pressure at rest, K,,, as illustrated 
in Figure 4-3. All analyses described in this thesis adopt a KO value of 1.0. 
"0 4a 
K. 0.3 
K. - 1.0 
K. - 2.0 
. .... .... . ....... ........ ..... . .... .... .. 
04 -0 0.01 0.02 0.03 0,04 0.05 0.06 
Nonnalized verücal displaccment, SIB 
Figure 4-3 Effect of KO on the load-displacement behaviour of a rough strip 
footing, from Potts & Zdravkovi6 (2001). 
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In each of the following non-linear analyses, the soil is assumed to behave as a 
homogeneous, isotropic, elastic, perfectly-plastic, Tresca-type material. Although 
more sophisticated soil models (such as non-linear elasticity) are available for 
use within the finite element program, and it is more realistic to assume that soil 
stiffness will increase with depth, the typical soil data available from boreholes 
undertaken for the site specific assessment of a jack-up unit generally precludes 
the exploitation of such advances in analysis. 
Indeed within Section C6.3.3/4 of the Commentary Section of the SNAME (2002) 
design code, it is suggested that elastic soil stiffness values used for calculations 
may be obtained directly by multiplying the soil's undrained strength, Su, by a 
'rigidity factor', 1,, that can vary between 50 and 200 depending on the soil's 
perceived overconsolidation -a difficult parameter to quantify in practice. In 
cases where small strains are dominant this factor may be increased to between 
200 and 1000, although the limiting magnitude of strain that can be considered 
'small-strain' is not defined. 
4.2. UNDRAINED ELASTIC SETTLEMENT OF SURFACE 
FOOTINGS 
The classical Boussinesq relationship (Eq. 4-1) between vertical loading and the 
settlement of a surface footing is described in Poulos & Davis (1974). The vertical 
settlement, w, of a foundation can be calculated by using Eq. 4-1 below. 
qB (I 
_ V2)jp Eq. 4-1 E. 
Where: 
q is the average bearing stress on the footing, 
B is the footing width for strip footings or the diameter in the case of circular 
footings, 
Eu is the soil's undrained Young's Modulus (which equals three times the shear 
modulus for perfectly undrained conditions), and 
v is the soil's Poisson's ratio. 
The 'influence factor', Ip, depends on several factors, including: 
Proximity of a rigid base boundary 
Footing geometry 
Footing roughness 
Footing rigidity 
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Perhaps surprisingly a solution does not exist for the case of a strip footing 
resting on a semi-infinite soil mass, i. e. where there are no rigid boundaries. For 
circular footings, however, a solution does exist with the corresponding values of 
1, for smooth and rough circular footings derived in Appendix 2 based on the 
solutions of Poulos & Davis (1974) and Spence (1968) respectively. For smooth 
footings 1, equals 1/4n for all values of v, whilst 1, for rough footings varies with the 
soil's Poisson's ratio as shown in Figure 4-4, tending to a value of 1/4n at v=0.5, 
i. e. undrained conditions. 
0.26 
IP 
0.25 
0.24 
0.23 
0.22 
ILI j (1-2v) 
;r L4(1-v)ln(3-4; )]l 
0.1 0.2 0.3 0.4 0.5 
v 
Figure 4-4 Relationship between I 
,p and 
Poisson's Ratio for a rough rigid 
circular footing according to Spence (1968). 
The settlement of a rigid strip footing is conventionally approximated as the 
average settlement of an otherwise identical, flexible footing. This can be 
calculated using the solution of Christian & Carrier (1978), Eq. 4-2, that is based 
on the work of Giroud (1972). The provenance for the data upon which Christian 
& Carrier base their solution for circular footings, however, is unclear. 
qB 
E. Eq. 4-2 
where go is a factor that incorporates the effect of foundation depth, and equals 
1 
.0 for surface footings 
As previously stated, the settlement behaviour of a strip footing is dependent 
upon the depth of soil, H, between the footing and the rigid base boundary. This 
is incorporated into settlement calculations by the parameter gl, as in Eq. 4-2 
below. 
The relationship for g, for surface footings (where go=l) is equivalent to (I. V2)lp in 
Eq. 4-1 and is shown for both plane-strain and axi-symmetric geometries in 
Figure 4-5 for v=0.5. 
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Figure 4-5 Relationship between a, for strip and circular footings and the 
depth to a rigid base boundaty for ý--0.5, adapted from Christian & Carrier 
(1978). 
Before proceeding further it is necessary to check that the elastic response of 
surface footings can be accurately determined by the finite element program. 
A brief set of finite element analyses were performed to examine the relationship 
between g, and the depth to the rigid base. Although not generally stated in the 
published work on elastic settlement, the mesh's bottom boundary is perfectly 
rough. Interestingly a smooth boundary will give differing elastic footing 
behaviours. 
Firstly the effect of the lateral extent of the mesh, X, was investigated for the case 
where H/B=5 for rough, rigid strip and circular footings (as noted earlier, for 
v=0.5, footing roughness does not affect the elastic response of either strip or 
circular footings, as roughness is specified with respect to the shear strength of 
the soil-footing interface, and is thus related to the plastic behaviour). This was 
achieved by simply modifying the coordinates of the right-hand corners of the 
mesh used in Section 3.3 and increasing the width of the outermost 7 columns of 
elements, as illustrated in Figure 4-6. 
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rj -1 
inal mesh 1 Updated mesh ', L ---- - ------ 
Figure 4-6 Illustration of the method of extension of the standard mesh 
(solid lines) in order to achieve wider meshes (dashed lines). 
In each analysis the 20m wide rigid footings (i. e. B/2=10m) were displaced 
vertically downwards a small amount (1mm) to ensure an elastic response, and 
the soil reactions to the applied displacement measured. 
The back-calculated values of g, for each X/B ratio were calculated using Eq. 4-2 
and are presented in Figure 4-7. It is evident that strip footings are more sensitive 
to the lateral extent of the finite element mesh than circular footings. The figure 
also shows the corresponding solution for a rigid circular footing of Poulos & 
Davis (1974), and the solution of Giroud (1972) for the average settlement for a 
flexible strip footing. 
Whilst the p, values for the circle for X/B>6.0 show good agreement with Poulos 
& Davis' solution the values for the strip footing plot below Giroud's solution, even 
for a X/B ratio of 20. 
This discrepancy, however, is explained in the proceeding section of work, where 
the H/B ratio of the mesh was varied for both rigid and flexible, strip and circular 
footings. 
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Figure 4-7 Influence of lateral mesh extent upon the back-calculated value 
of. al for HIB=5. 
4.2.1 Effect of depth to rigid base 
The finite element mesh from Section 3.3 was again used as the basis for the 
mesh in this study into the effect of the proximity of the base boundary to the 
footing. The lateral extent was, however, increased from 7.513 to 20B based on 
the results presented in Figure 4-7. The original mesh's depth is 513, therefore in 
order to back-calculate the g, value for H/B ratios less than 5, elements were 
removed from the mesh and the bottom boundary re-positioned. For H/B ratios 
greater than 5, extra elements were added of similar dimensions in order to 
discretise the domain to the required depth. 
Flexible footings were modelled by applying a normal stress of 1 kPa to the mesh 
boundary representing the footing instead of the application of a uniform, vertical 
displacement, as was performed for the rigid footings. The condition of a perfectly 
rough footing was specified in all analyses and the flexible footings' [t, values 
were back-calculated for each H/B ratio using the average settlements beneath 
the footing as the w value in Eq. 4-2. 
The resulting back-calculated g, values from the above analyses are presented in 
Figure 4-8. 
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Figure 4-8 Comparison ofal values determined from finite element analysis 
with the solutions of Giroud, Christian & Carrier and Foulos & Davis. 
Figure 4-8 shows the results obtained here for a flexible strip footing to be in 
excellent agreement with Giroud's solution. The results for the rigid circular 
footing similarly show a good agreement with the corresponding solution of 
Poulos & Davis. 
For all values of 1-1/13, the g, values of rigid strip footings are consistently lower 
than the equivalent values based on the average settlement of a flexible footing I 
explaining the earlier apparent discrepancy in Figure 4-7. 
Of particular interest in Figure 4-8 is the consistent 10% difference between the 
g, values found in the finite element analyses of flexible circular footings and the 
analogous solution of Christian & Carrier. Upon closer examination, Christian & 
Carrier appear to attribute their data for circular footings to Giroud's work 
however, as the title of Giroud's paper implies, the solutions reported by Giroud 
are restricted to rectangular and strip footings only. The derivation of Christian & 
Carrier's solution is therefore unclear and moot, given the ability of the present 
finite element analyses to accurately model flexible strip, and rigid circular 
footings. 
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4.2.2 Undralned elastic behaviour of spudcans subject to vertical 
loading, including the effects of embedment 
The SNAME 5/5A Rev. 2 (2002) recommended practice uses an alternative 
approach to Eq. 4-1 for calculating the elastic settlements of spudcans. Its 
treatment introduces a vertical elastic foundation stiffness, K1, as defined in Eq. 
4-3 in terms of the vertical load, Q, and the vertical displacement, w. By re- 
arranging Eq. 4-1, and noting Poulos & Davis' solution for a smooth circular 
footing, namely that 1, =1/47r for a semi-infinite soil mass, K, can be calculated 
using Eq. 4-4. 
K1 Eq. 4-3 
K, 4 
GR = I-V =8 
if v=0.5 Eq. 4-4 
where G is the soil's shear modulus and R is the footing radius. 
By re-arranging Eq. 4-2 and Eq. 4-4, K, is found to be related to g, by Eq. 4-5. 
Thus combining Eq. 4-4 and Eq. 4-5, g, = 37dl 6 for a semi-inf inite half-space. 
. ýEl = 
Qv 
- 
Y2171 Eq. 4-5 
GR GRw ji, 
The SNAME (2002) recommended practice's Commentary section includes a 
factor, KdI, as defined in Eq. 4-6, for use with K, that incorporates the increase in 
the vertical spudcan elastic stiffness with embedment for zero and complete 
back-f low conditions, based on the work of Bell (199 1). 
Kdl 
= 
KI(embedmenl=Z) 
Eq. 4-6 KI(surface) 
The variation of I/Kdj (equal to go in Eq. 4-2) with embedment depth is shown in 
Figure 4-10 for the three foundation cases investigated by Bell, illustrated in 
Figure 4-9. Note that the reciprocal of Kdj is presented here for consistency with 
work on go presented later in this Section. Two curves are possible for each case 
examined, depending on whether the Kdj value is calculated relative to the exact 
solution for K, for a footing at the soil surface (which equals 8GR), or relative to 
the K, value found by Bell (=8.151) for a surface footing. The latter is judged to 
be superior as it will remove any inherent errors in Bell's analyses that are 
independent of footing embedment. 
Section 4 
Page 117 
D. H. Edwards (2007) - Numerical Analysis of Spuddan Foundations 
Case 1 Case 2 Case 3 
ZD z rd 
Figure 4-9 The three foundation types investigated by Ben (1991) -a rough, 
rigid, circular footing at the base of an unsupported shaft (Case 1), a fully- 
embedded, rough, rigid, circular plate (Case 2), and a rough-based, rough- 
sided, rigid embedded circular foundation (Case 3), from Bell (1991). 
1.0 
I/Kdl 
0.8 
Case I 
0.6 Case 2 
0.4 Case 3 
0.2 
-- Based on exact value of K, at Z=O 
-Based on Bell's value of K, at Z=O 
0.0 iii-iI 
0.0 0.5 1.0 1.5 2.0 
VD 
Figure 4-10 Effect of embedment upon the vertical elastic stiffness of a 
foundation as determined by Bell (1991). 
Curiously the KdI values tabulated in the SNAME 5/5A Rev. 2 (2002) 
recommended practice do not coincide with the values reported in Bell's MSc 
thesis - the work upon which the design code's values are referenced. This 
discrepancy is especially evident when the two sets of data are plotted, as in 
Figure 4-11, which suggests that the recommended practice code recommends, 
without justification, a greater increase in KI with embedment than determined by 
Bell's analyses. 
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Figure 4-11 Comparison of 11Kdj values determined by Bell (1991) and those 
defined in the SNAME 515A Rev. 2 (2002) recommended practice. 
Historically the increase in foundation stiffness with depth has been handled by 
incorporating a parameter, go, into the elastic settlement equation, Eq. 4-2, 
repeated below. 
A qB E. 
go is defined as the ratio of the average settlement of a flexible footing at depth to 
that of the same footing at the soil surface, and is thus equivalent to 1/Kdl in Eq. 
4-6. The parameter's value is unity for a surface footing, reducing with the depth 
of embedment in a non-linear fashion, predicting a stiffer footing response at 
depth. 
The relationship between embedment and go for undrained conditions (v=0.5) 
was first proposed by Fox (1948). Fox's solution was derived with respect to the 
average settlement of a uniformly loaded, flexible footing completely embedded 
in an elastic medium, and is shown by the dashed line in Figure 4-12. If the 
common assumption is made that the average settlement along a flexible footing 
is equal to that of a rigid footing, then this relationship would appear to be 
suitable for use with a fully embedded spudcan. 
The relationship between go and embedment has also been analysed, using finite 
element analysis, by Burland (1970) for the case of a uniformly loaded, flexible 
circular footing at the base of an unsupported shaft - thus similar to a spudcan 
embedded to a depth that is insufficient for backflow to occur. The resulting 
relationship, plotted in Figure 4-12, reasonably suggests that a footing at the 
base of an open bore has a lower vertical stiffness than a fully embedded plate- 
type footing. 
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Figure 4-12 Relationship between A and footing embedment for a flexible 
circular footing as determined by Burland (1970) and Fox (1948), adapted 
from Burland (1970). 
Investigations of the elastic vertical stiffness of footings in previous Sub-Sections, 
based on the results of the bearing capacity analyses undertaken in Section 3, 
have obtained elastic stiffness parameters using the reactions obtained from the 
first loading increment. 
For the case of footings at depth, however, the first increment of the analyses 
detailed in Sections 3.5.4 and 3.5.6, are not necessarily elastic, as yielding 
occurred within the elements surrounding the footing's corner (denoted '13' in 
Figure 3-29). 
In order to ensure a truly elastic solution the analyses in Sections 3.5.4 and 3.5.6 
are repeated using a single loading increment and specifying a purely elastic 
constitutive model (uniform Eu =1 OOMPa, v=0.499) to all elements in the mesh. 
By applying different boundary conditions, a number of different foundation types 
were analysed: 
" Rough and smooth circular footings at the base of an open shaft (for 
comparison with Burland's results), 
" Rough and smooth strip footings at the base of an open shaft, 
" Rough-based, rough-sided, strip and circular embedded footings (with 
measurement of base reactions and total reactions, the latter comprising 
both base and side reactions), 
" Rough-based, smooth-sided, strip and circular embedded footings. 
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Fully embedded, rigid, plate footings, of the kind referred to as 'Case 2' in Figure 
4-9, have not been studied here. This has been decided on the basis that backfill 
material above spudcans is neither continuous (as it can contain varying voids of 
water) nor necessarily in full contact with the top of the spudcan, as shown by the 
work of Hossain (2004). Thus it is not deemed acceptable, for the purposes of 
design, to propose solutions that assume 'perfect' backfilling as these may 
overpredict the vertical stiffness of a spudcan. 
The resulting go values for footing embedments of Z/D: 5 5.0 are presented in the 
following plots for each of the foundation types investigated. 
1.0 
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Figure 4-13 Elastic settlement parameter po for circular footings at the base 
of an open, unsupported shaft. 
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Figure 4-14 Elastic settlement parameter go for strip footings at the base of 
an open, unsupported shaft. 
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Figure 4-15 Elastic settlement parameter go for rough-based, smooth-sided 
embedded footings. 
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Figure 4-16 Elastic settlement parameter po for rough-based, rough-sided 
embedded footings based on the soll reactions measured at footing's base. 
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Figure 4-17 Elastic settlement parameter po for rough-based, rough-sided 
embedded footings, based on the total soll reactions on the footing's base 
and side. 
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By comparing the results of the present study to those of Burland for a circular 
footing at the base of an open shaft, as shown in Figure 4-13, it is clear that the 
results obtained here are significantly lower than those of Burland, although they 
do follow a similar trend. Unfortunately investigation into this discrepancy is 
precluded as Burland's paper gives no further details of the analyses undertaken, 
save that they were performed using the finite element method. 
Two possible reasons for the differences in only the magnitude of go, and not the 
trend with embedment are that either the mesh used here is finer than that used 
in the 1970 work of Burland, or that different vertical extents of the mesh below 
the footing have been used in each study. 
The latter possibility is briefly investigated here by performing several analyses of 
a rough-based circular footing at the base of an open, unsupported shaft (i. e. the 
same boundary conditions as Burland's investigation) for Z/D = 4.0. In each 
analysis a different mesh depth, Hbase 9 is used (defined in Figure 4-18) 
for a range 
of values: 0.5: 9 (Hbas. /D) :5 10.0. 
z 
AL 
Hbase 
11/2D 
Figure 4-18 Mesh dimensions used for the Investigation of mesh depth 
upon the elastic behaviour of an embedded footing. 
The variation of the go values obtained with the depth of soil to the rigid base 
(presented in Figure 4-19) is sufficiently similar to that of surface footings (shown 
in Figure 4-8) that the formulae for approximating g, proposed later in Section 
4.4.2 for circular surface footings, and Section 4.4.3 for strip surface footings, are 
also applicable for embedded foundations. The range of p,,, values shown in 
Figure 4-19 do not include the value obtained by Burland and hence cannot 
completely explain the discrepancy between the study and the present results. 
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Figure 4-19 Influence of the proximity of the mesh base to the footing on 
the value of go for a footing embedded at ZID=4.0. 
A comparison is also possible between the results presented in Figure 4-13, for 
rough circular footings at the base of an open unsupported shaft, and those 
obtained by Bell (1991), using the finite element program OXFEM, and those 
suggested for design purposes in the SNAME 5/5A Rev-2 (2002) recommended 
practice's Commentary section. The three relationships for go with embedment 
are shown in Figure 4-20 below. 
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Figure 4-20 Comparison of jk values obtained here and those obtained bY 
Bell (1991) and suggested by the SNAME 515A Rev. 2 (2002) design code. 
The results obtained in this study are therefore similar to those obtained by Bell 
(1991). The slight discrepancy may be due to Bell's use of a larger mesh, or due 
to the larger number of elements, and smaller element size in the proximity of the 
footing used in this study. 
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The lower values of go suggested by the SNAME code, however, do not appear 
to reflect the findings of either of the two studies, and would therefore appear to 
be optimistic. 
The variation of go with embedment for rough-based, smooth-sided circular 
footings (Figure 4-15) is practically identical to that for a rough-based circular 
footing at the base of an unsupported bore. This is to be expected as elastic 
loading of the latter case will not result in backfilling of the void above the footing, 
hence the response is expected to be similar. 
Figure 4-16 shows the go values obtained for a rough-sided, rough-based 
foundation (equivalent to a pile or diaphragm wall for circular and strip 
geometries respectively) based on the soil reactions measured at the base of the 
footing (i. e. excluding the contributions from side-wall friction). As the go values 
are all greater than unity, this suggests that the footing settlements are greater 
for a given load than those that would be encountered for a surface footing. This, 
perhaps unexpected result, can be explained by taking into account the reduction 
in the contribution of the foundation's base to the total elastic load with 
embedment, as shown in Figure 4-21. 
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Figure 4-21 Effect of embedment on the proportion of a rough-sideds 
embedded foundation's total elastic load taken by the foundation's base. 
This effect is complemented by the fact that the rough side of the foundation 
draws the adjacent soil downwards with the foundation, as is evident in Figure 
4-22. The base of the footing is therefore displacing downwards with, rather than 
into, the surrounding soil. The reactions on the foundation's base are therefore 
less than would be the case if it was at the surface with no downwards movement 
of the surrounding soil, hence the foundation's base stiffness is lower than for a 
surface footing. 
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Figure 4-22 Vectors of incremental displacements in the proximity of the 
base of a rough-based, rough-sided embedded foundation in a purely 
elastic analysis. 
The reduction in stiffness at the base appears to be largest at a Z/D of 1.5 for a 
strip geometry and at Z/D = 2.5 for circular foundations. Beyond these 
embedment ratios, the ýLo value starts to decrease with the reduction being more 
pronounced in the case of the strip footings. 
When the total resistance of a rough-sided embedded footing is taken Into 
consideration for the calculation of ýto (i. e. using the sum of the base load and the 
side friction resistance) the curves in Figure 4-17 are obtained. These are of a 
similar form to those previously found for smooth-sided embedded foundations, 
however the magnitude of the reduction in po with embedment is greater. This 
reasonably suggests that rough-sided footings are stiffer than smooth-sided 
footings for the same embedment. 
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4.3. ELASTOPLASTIC STIFFNESS OF CIRCULAR SURFACE 
FOOTINGS 
The previous Section described the elastic behaviour of surface footings at load 
levels below the first yield point, denoted as 'A' in Figure 4-2. Beyond the first 
yield point, the stiffness decreases until it reaches zero at the failure point - point 
'13' in Figure 4-2. This Sub-Section investigates the entire elastoplastic load- 
displacement curve (from 0 to B in Figure 4-2) and formulates a consistent 
prediction method for the elastoplastic response of foundations for a variety of 
conditions. 
Figure 4-23 shows the logarithm of the non-dimensionalised tangential vertical 
foundation stiffness, K, defined in Eq. 4-7, plotted against the non- 
dimensionalised footing settlement, w/D for a rough, circular surface footing 
loaded to failure. 
K, =SQ, /(GR8w) Eq. 4-7 
Five zones of behaviour can be distinguished from the non-dimensionalised 
stiffness degradation curve. Initially the response is elastic, with constant K, and 
upon first yielding (1) the stiffness reduces. After a certain settlement (11), the non- 
dimensionalised stiffness degradation can be reasonably described by a 
logarithmically proportional degradation relationship until the footing is close to 
failure (111). As Ov approaches Of (Iv), Kv reduces at a greater rate, to a relatively 
insignificant value, producing no further increases in Ov, therefore resulting in the 
attainment of the ultimate capacity. 
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Figure 4-23 Load-displacement and non-dimensionalised vertical stiffness- 
displacement curves for a rough circular footing. 
It is possible to approximate the non-dimensionalised stiffness degradation curve 
with a bi-linear function, shown in Figure 4-24 by the thick solid line, requiring 
only four parameters: 
K, - the non-dimensionalised initial elastic stiffness, which can be derived from 
Eq. 4-4 based on the Poulos & Davis (1974) solution for a smooth circular 
surface footing, 
P- the normalised footing displacement that defines the change between linear 
and non-linear behaviour in the proposed model, 
rn - the gradient of the linear log(Kv) degradation portion, and 
c- the intercept of the linear log(K, ) degradation portion with the log(K. ) axis. 
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Figure 4-24 Mustration of the proposed four-parameter model of stiffness 
degradation. 
The non-climensionalised tangential vertical stiffness of a footing would thus be 
defined as: 
For w/D! 5 P: 
K, = K1 
For w/D > P: 
Eq. 4-8 
Kv=1 o[c-m(wiD)l Eq. 4-9 
Note that the discrepancies between the 4-parameter model and the actual 
response in the shaded region in Figure 4-24 are not considered important as the 
value of K, in this region is relatively insignificant. 
For a given set of boundary conditions, the four parameters (Ki, P, m and c) are 
reasoned to be exclusively dependent upon either the shear modulus, G, and/or 
the undrained shear strength, Su. As the axes of Figure 4-24 are non- 
dimensional, the footing's size will not influence the behaviour. As only undrained 
conditions are considered here, the value of Poisson's ratio is also fixed. 
In order to determine the influence of the undrained shear stiffness and shear 
strength upon the four parameters, a parametric study was performed using the 
same mesh and methodology adopted for the determination of the bearing 
capacity factor, N,, in Section 3.4. In each of these analyses, the soil was given a 
particular, uniform value of S, and Eu (and hence G). The corresponding range of 
values chosen were between 25 and 200kPa for S, and 10 and 20OMPa for E, 
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The four parameters (KI, P, m and c) are derived by plotting the corresponding 
graph of log(K, ) vs. w/D for each analysis, as in Figure 4-24. K, was determined 
directly from the ratio of Q, /GRw for the first (elastic) load step, whilst m and c 
were found by constructing the curve of best fit to the straight portion of the log- 
linear stiffness degradation curve. 
A predictive load-displacement curve can now be constructed (as shown in 
Figure 4-25) by taking an initial estimate of P from visual inspection. The 
predicted bearing load, Q, before first yield is calculated directly from the elastic 
solution, as in Eq. 4-10. Since a tangential stiffness approach is used here, the 
post-first yield loads are calculated using an incremental approach with respect to 
displacement, w. At each increment of displacement, Aw the appropriate K, value 
(from Eq. 4-8 for w/D > P) for the increment's normalised displacement, w/D, is 
used, as shown in Eq. 4-11. 
For w/D: 5 P: 
Q, =Klw 
Eq. 4-10 
For w/D > P: 
Ow'Ov(previous increment)+ (1 ofc-m(w/D)'GRAW/D) 
Eq. 4-11 
An improved estimate of P can now be made by iterating P in order to minimise 
the error in the predicted failure load compared to the value found from the 
corresponding finite element analysis. 
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Figure 4-25 An illustrative non-dimensionalised stiffness degradation curve 
and predictive load-displacement curve for Su=lOOkPa,, Eu=50MPa. The data 
points are from the corresponding finite element analysis. The dashed lines 
denote the region within which the m and c values were calculated. 
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From the above analysis of the load-displacement curves obtained from the 
parametric study, the influence of the undrained shear stiffness and shear 
strength upon the four parameters has been ascertained, as illustrated in Figure 
4-26 and Figure 4-27 respectively for the case of a rough, rigid, circular footing. A 
summary of the relations is also presented in Table 4-1. 
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Figure 4-26 Influence of the undrained shear stiffness, G, upon the four 
parameters in the non-linear footing stiffness model, Eq. 4-8. 
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Figure 4-27 Influence of the undrained shear strength, S,,, upon the four 
parameters in the non-linear footing stiffness model, Eq. 4-8. 
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Parameter 
Undralned shear 
stiff ness, G 
Undralned shear 
strength, S. 
K, Independent Independent 
p Inversely proportional Directly proportional 
m Directly proportional Inversely proportional 
c Independent Independent 
Table 4-1 Relations between the four parameters of the non-linear stiffness 
model, Eq. 4-8, and the undrained shear stiffness and strength. 
The average values obtained for K, and c, together with the coefficients of 
proportionality for m and P with respect to G/S,, and SJG respectively, are 
presented for the parametric study in Table 4-2. Values are also shown for the 
case of a smooth circular footing. These were obtained by identical means, 
except that the constraint of zero lateral displacement along the footing's base 
was relaxed in the finite element analyses. 
Table 4-2 also presents the maximum averaging error for each parameter. This is 
the magnitude of the largest error produced by the averaging process for each 
parameter, e. g. for smooth circular footings, one value of c deduced from the 
parametric study was 1.037 times greater than the average value of 0.882. 
Rough Circle Smoo th Circle 
Parameter Average 
Max. averaging 
error Average 
Max. averaging 
error 
K, 8.037 0.0% 8.037 0.0% 
Sj(1 246AG) 4.6% Sj(1 440.2G) 2.6% 
1 317AG/Su 6.3% 446.2G/Su 4.5 
c1 0.636 9.8% 0.882 3.7% 
Table 4-2 Relationships and values for evaluating the parameters of the 4- 
parameter non-linear foundation stiffness model,, based on the finite 
element analysis parametric study. 
To investigate the significance of the above averaging errors, the load- 
displacement curve obtained from one of the finite element analyses is compared 
in Figure 4-28 with that of a prediction using Eq. 4-10 and Eq. 4-11 with the 
values in Table 4-2. The Eu and Su parameters chosen for this comparison 
(20OMPa and 50kPa respectively) are those which produced the 9.8% averaging 
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error for c, hence should present the least accurate prediction for all the 
combinations examined in the parametric study. 
As can be seen from Figure 4-28, the resulting load-displacement prediction is in 
excellent agreement with the finite element analysis data, thus the errors incurred 
by the averaging process for the four parameters would appear to be negligible. 
The four parameter model is thus an accurate method of obtaining the undrained 
elastoplastic vertical load-displacement profile for a circular footing on a Tresca 
soil for H/D values greater than 3 (where H is the depth to a rigid base layer). 
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Figure 4-28 Comparison of a load-displacement curve obtained from a finite 
element analysis of a rough circular footing for Su=5OkPa and Eu=20OMPay 
and that predicted using the 4-parameter model with values from Table 4-2. 
The four parameter model is used in Section 7.2.5 for the identification of failure 
loads for spudcans subjected to combined vertical- ho rizontal- moment loading. 
The variation in elastic stiffness for strip footings with the proximity of a rigid base 
boundary, however, precludes a straightforward analysis using the four- 
parameter model, and an alternative procedure is proposed in the following 
Section. 
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4.4. SIMILARITY CURVES 
4.4.1 Introduction 
During the aforementioned work undertaken on the four-parameter model it was 
realised that, for a given footing type, the load-displacement curves are 
geometrically similar for different undrained strengths and stiffnesses, as shown 
in Figure 4-29. 
Bearing 
Load 
- Su=50kPa, Eu=l OOMPa 
--ia-Su-100kPa, Eu=100MPa 
-+- Su=50kPa, Eu=50MPa 
Displacement 
Figure 4-29 Load-displacement curves for a footing on soils with different 
combinations of undrained strength and stiffness values. 
The curve for a footing on a clay of Su=IOOkPa achieves an ultimate load twice 
that of a footing on a clay of Su=50kPa. Both load-displacement curves have an 
identical elastic soil stiffness, however the Su=100kPa case requires twice the 
displacement in order to reach its ultimate capacity. 
The load-displacement curve corresponding to that of a footing on a clay of 
Eu=50MPa requires twice the displacement to reach its ultimate capacity as that 
with an undrained stiffness of 1 OOMPa and equal undrained strength. 
The displacement required to reach ultimate capacity is therefore proportional to 
the ratio, SJE,,, whilst the magnitude of the ultimate capacity is proportional to the 
undrained strength, Su. Thus from a single, 'unit value', curve for a footing on a 
clay of unit strength and stiffness, the load-displacement response can be 
deduced for the same footing resting on a homogeneous clay for any 
combination of undrained strength and stiffness values. 
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This is achieved by multiplying the displacement values (w) from the 'unit-value' 
curve by the ratio, SjEu, and multiplying the bearing load values, Q,, from the 
'unit-value' curve by the undrained strength, Su. 
This concept is developed in the following Sub-Sections to produce a predictive 
framework for the load-displacement response of footings under a range of 
conditions. The response curves are calculated relative to a single, fundamental 
curve which has been defined as the normalised load-displacement curve for a 
rigid circular footing for the following conditions: 
0 Perfectly rough foundation-soil interface 
H/D = 5.0 
Poisson's Ratio = 0.499 = 0.5 
* Tresca, elastic-perfectly plastic constitutive soil model 
The normalised parameters are defined with respect to load as 0,,., m in Eq. 4-12 
(also equal to Q)Qf), and with respect to displacement as wnorm in Eq. 4-13. The 
resulting normalised fundamental curve, shown in Figure 4-30, lies conveniently 
between zero and unity on both axes. 
Tabulated values of the curve's data points are given in Appendix I 
Qnorm - 
Q'I 
- Eq. 4-12 scNcASu 
WI. Orm = 
wG 
Eq. 4-13 
s, N, DS. 
Where: 
sc shape factor, 
Nc bearing capacity factor for a strip footing, 
A footing's plan area, 
S,, undrained strength, 
w vertical footing displacement, 
G undrained shear modulus, 
D footing's width or diameter. 
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Figure 4-30 Normalised fundamental load-displacement curve. 
4.4.2 Circular surface footings 
The fundamental curve shown above is based upon the results of rough circular 
footings, and can be scaled as described previously for any combination of 
undrained strength and stiffness. 
Whilst a circular footing's initial elastic stiffness has been shown in Section 4.2 to 
be independent of roughness, the ultimate capacity is dependent upon this 
property. 
Eq. 4-12 and Eq. 4-13 incorporate this behaviour by non-dimensionalising both 
load and displacement with respect to the shape factor to ensure a consistent 
elastic stiffness for rough and smooth footings. This assumes that the load- 
displacement curves for rough and smooth surface footings are geometrically 
similar, justified by Figure 4-31 where the curves are consistent to within 4% (with 
respect to load for a given displacement) and exhibit an identical response in the 
elastic region. 
The elastoplastic behaviour of both rough and smooth circular footings can thus 
be estimated by scaling the fundamental curve. 
Section 4 
. 
Page 136 
D. H. Edwards (2007) - NumericalAnalysis of Spudcan Foundations 
Onorm 
0.8 
0.6 
0.4 
0.2-- 
0.0 - 
0.0 0.2 0.4 0.6 0.8 1.0 
Wnorm 
.w 
Figure 4-31 Normallsed load-displacement curves for a rough and smooth 
circular footing on homogeneous clay. 
Whilst Figure 4-5 suggests that the p, value for circular footings is approximately 
constant for H/D ratios greater than 10, it would be advantageous to have an 
expression in order to accurately define g, over the entire range of H/D values. If 
the data from the finite element analyses performed for circular footings in 
Section 4.2.1 is instead plotted on a graph of gj-' vs. (H/D)*', as in Figure 4-32, a 
clearly defined trend is evident that can be described by Eq. 4-14. 
Note that the intercept with the g, " axis is specified at a value of 1.698, 
corresponding to the reciprocal of Poulos & Davis' [t, value for a semi-infinite soil 
mass (91(H/B).. =3nJ16). 
For circular footings: 
0.823(H / Dy 2+0.830(H / Dyl +I Y3; r Eq. 4-14 
For H/D=5.0, as is the case for the fundamental curve, gl=0.527 
If g, ... I is the relative value of p, for a particular H/D value, to the P, value of the 
fundamental curve, then: 
dUI(HID) 
= )-2 
1.9 
+I Eq. 4-15 dUI(HID--5) 0.823(H/D +0.830(HIDY' Y3, 
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Figure 4-32 Relationship between 1/p, and the depth to a rigid base layer for 
a circular footing. 
In order to validate the use of the 'similarity curve method' for different depths of 
soil, finite element analyses of rough circular footings, identical to those reported 
in Section 3.3, were undertaken, each with a different mesh depth, H. 
The depth values were chosen in order to investigate H/D values of 1.0,1.5,2.0, 
2.5,5.0,10.0 and 20.0. Note that H/D values less than 1.0 were not examined as 
the ultimate capacity of the footing would be influenced by the proximity of the 
rigid boundary. 
The resulting load-displacement curves from these analyses are shown in Figure 
4-33. When these curves are non-dimensionalised, as shown in Figure 4-34, first 
with Eq. 4-12 and Eq. 4-13, then usinggirel with respect to displacements, the 
Onorm values all lie within 4% of the fundamental curve for a givenWnorm. The 
curves in Figure 4-34 are sufficiently close that it was not possible to distinguish 
them for the purposes of presentation, hence no legend is provided. 
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Figure 4-33 Load-displacement curves for 20m diameter rigid circular 
footings resting on a Tresca-type clay of depth, H, and undrained strength, 
S,, = 5OkPa. 
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Figure 4-34 Normalised representation of the load-displacement curves in 
Figure 4-33. 
4.4.3 Strip surface footings 
As noted previously, neither the initial elastic stiffness nor the ultimate capacity of 
strip footings are influenced by the footing's roughness. The load-displacement 
response is, however, strongly affected by the depth at which a rigid layer is 
present. 
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Firstly the effectiveness of the fundamental curve in representing the load- 
displacement response of a strip footing has to be checked. 
When the normalised load-displacement curve for a rough, strip footing with a 
rigid base present at a depth, H= 5B is plotted alongside the fundamental curve 
in Figure 4-35, a discrepancy in the displacement values is evident. 
In order to accommodate this difference, the strip footing's displacements are 
multiplied by a factor, I/astrip, as in Eq. 4-16, during the normalisation process in 
order to equate the circular and strip footing's elastic responses. aistrip is defined 
as the ratio of the elastic stiffness parameters AlstriW91circle for H/B = 5. Based on 
the g, values calculated by finite element analysis in Section 4.2.1 for H/B=5, 
g1st, lp = 0.967 whilst 91circle = 0.522, thus astrip = 1.852 and 1/astrip : -- 0.540. 
For strip footings: 
wG W"Orm = 
a,,, ipsNBS. 
Ed. 4-16 V 
The resulting factored load-displacement curve is now coincidental with the 
fundamental curve both over the elastic region, and within 3% within the 
elastoplastic zone, as shown in Figure 4-35. 
The fundamental curve can therefore approximate the load-displacement 
response of a strip footing for H/13=5 by the use of a constant, ccýt, jp which equals 
1.852. 
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Figure 4-35 Factoring of strip footings" load-displacement response for 
consistency with the fundamental curve. 
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To ascertain the load-displacement response of strip footings on a soil with a 
vertical thickness other than 513, it is necessary to multiply the displacements by a 
further factor, Airek in order to take into account the variation of g, with H/B. 
g1re, is the ratio of the g, value for the particular H/B ratio to that of the same 
footing for H/B=5. 
To calculate the load-displacement curve for a particular footing, the fundamental 
curve's normalised displacements (which are based on a circular footing) are 
thus multiplied by both ccstip and gj,. j. 
In order to explore this hypothesis, reference is made to the gi values presented 
for rigid strip footings in Figure 4-8 (shown as solid square symbols). When this 
data is plotted, as in Figure 4-36, a log-linear relationship, Eq. 4-17, is evident for 
H/B values greater than 2.0, whilst for H/B values less than 2.0, a more 
satisfactory fit to the data is obtained using a cubic function, Eq. 4-19. 
Fo r HIB 2: 2.0: 
0.46 ln(IL) + 0.227 Eq. 4-17 ýB) 
A(HIB) H 
dUI(HIB=5) 
0.476 In 
B) 
+0.235 Eq. 4-18 
For HIB < 2.0: 
=-0-0925 + 0.285 2ff +0.072 
H 
Eq. 4-19 BB 
( 
B-) 
. *- Pi,., i 2-- 
A(HIB) 
= -0.0956( 
H3 
+0.295 
E2 
+0.074 Aff Eq. 4-20 
dUI(HIB=5) B) 
(B) ( 
Bi) 
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Figure 4-36 Comparison of Equations 4-17 and 4-19 to the values of the 
Initial stiffness parameter, Iii, calculated from the finite element analyses in 
Section 4.2.1. 
In order to validate this proposed method of settlement prediction, finite element 
analyses of rough strip footings, identical to those reported in Section 3.3, were 
undertaken, each with a different mesh depth. 
The depth values were chosen in order to produce H/B values of 1.0,1.5,2.0, 
2.5,5.0 and 10.0. The resulting load-displacement curves from these analyses 
are shown in Figure 4-37. 
When these curves are non-dimensionalised using the above method (i. e. both 
C(strip and Pirei), the Onorm values all lie within 7% for a given Wnorm, as shown in 
Figure 4-38. Due to the shallow gradient of the normalised curves approaching 
failure, the error in Wnorm for a given Qnorm value is larger, being 15% for 
Qnormý0-95. 
For clarity, an illustrative example calculation for obtaining the elastoplastic load- 
displacement response of a strip footing on a clay layer of limited depth is 
presented in Appendix 4. 
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Figure 4-37 Load-displacement curves for rigid strip surface footings 
resting on a Tresca-type clay of depth, H, and undrained strength, Su, of 
50kPa. 
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Figure 4-38 Normallsed representation of the load-displacement curves in 
Figure 4-37. 
4.4.4 Surface footings where the undrained strength Increases with 
depth 
Inspection of the load-displacement responses obtained in the earlier analyses of 
surface footings on heterogeneous clay, in Section 3.6.1, reveals that a similar 
non-dimensionalisation is possible. 
Eq. 4-12 and Eq. 4-13, repeated below, can still be applied however the Su value 
is replaced by a modified undrained strength, Su*. 
130 
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Q11orm -Q* Eq. 4-12 S, N, ASU 
wG W"Orm = 
sNDS* Eq. 4-13 u 
The S,, * parameter is obtained by re-arranging the new formulation (Eq. 3-10, 
repeated below) for the ultimate bearing capacity of a surface footing on 
heterogeneous clay, proposed in Section 3.6.1. The equivalent undrained shear 
strength, Su* is simply the undrained strength at the soil surface multiplied by a 
factor that depends upon the kD/Su. ratio and the appropriate a and P values 
from Table 3-12. 
kD (a kD 
qf = Suo Nc I+ 
S-0 S. 
Eq. 3-10 
If qf = NS' then: u 
kD(, 
_kD 
s* =S I+S.., 
SUO 
Eq. 4-21 
u uo 
The non-dimensionalised load-displacement curves from the analyses in Section 
3.6.1, plotted in Figure 4-39 and Figure 4-40 for rough and smooth circular 
footings, and in Figure 4-41 and Figure 4-42 for rough and smooth strip footings 
respectively, do not display a unique curve. Note that for the strip footings, the 
strip footing correction, cýtjp, is applied to the displacement values as described 
in Eq. 4-16. 
Whilst a consistent elastic response is noted for each case, the curvature in the 
elastoplastic zone is unique for each degree of heterogeneity. The curves 
corresponding to the least heterogeneous profiles (i. e. where the undrained 
shear strength at depth is similar to that at the soil surface) unsurprisingly display 
a load-displacement curve similar to that for uniform strength conditions. 
However for kD/Suo values greater than 4.0 for rough footings, and 2.0 for 
smooth footings, a unique curve, that is tending towards an ideal elastic- 
perfectly-plastic response, is observed. 
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Figure 4-39 Non-dimensionallsed load-displacement curves for rough 
circular surface footings for various kDlSuo ratios. 
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Figure 4-40 Non-dimensionalised load-displacement curves for smooth 
circular surface footings for various kD1SuO ratios 
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Figure 4-41 Non-dimensionalised load-displacement curves for rough strip 
surface footings for various kB1SuO ratios 
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Figure 4-42 Non-dimensionalised load-displacement curves for smooth 
strip surface footings for various kBISuo ratios 
0.2 
Section 4 
Page 146 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
It is recognised that the analyses in Section 3.6.1 were all performed for a H/D 
ratio of 5.0. 
In order to ensure that the above non-climensionalisation procedure is also valid 
for other H/D ratios, the analyses for kD/Su. =1.0 for rough and smooth circular 
footings were also performed for H/D values of 2.5 and 10.0. 
The load-displacement curves are shown in Figure 4-43 after non- 
dimensionalising with respect to soil heterogeneity and soil layer thickness, as 
described previously. 
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Figure 4-43 Non-dimensionalised load-displacement curves for rough and 
smooth circular surface footings on a heterogeneous clay with a kDlSu,, 
ratio of 1.0 for HID ratios of 2.5,5 and 10.0. 
The relatively narrow grouping of all the curves shows that the individual factors 
applied to account for soil layer thickness and an increasing soil strength with 
depth may be used in combination without incurring excessive errors. Indeed the 
main discrepancy between all the graphs would appear to be due to the 
difference between rough and smooth footings, as noted previously in Figure 
4-31. 
Section 4 
Page 147 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
4.4.5 Embedded footings 
The results obtained from the previous work on the depth factors of footings 
(Section 3.5.4) are used here to examine the effect of embedment upon the 
vertical stiffness of various types of embedded footings. 
It is anticipated that the go parameter described in Section 4.2.2 could be used in 
the same manner as gi, to non-dimensionalise the load-displacement curves of 
embedded foundations. 
The results obtained in Section 3.5.4, however, suggest that the non-linear load- 
displacement behaviour of embedded foundations is initially independent of 
embedment - Figure 4-44 shows the load-displacement curves for smooth-sided, 
rough-based embedded circular foundations at embedments up to four times the 
foundation's diameter. Note that data at larger displacements is omitted for clarity 
- the foundation at Z/D=4.0, for example, reaches its ultimate capacity at a 
settlement of around 18m. Each load-displacement curve follows the same path 
as that for Z/D=4.0, separating at some value of displacement in order to achieve 
the relevant ultimate capacity. This feature is more evident from the plot of the 
logarithm of the footings' tangent vertical stiffnesses, shown in Figure 4-45. 
250000 
0, (kN) 
200000 
150000 
100000 
50000 
0 
Mrl-A-n- 
Z/D=-2.0 D=3.0 
=1.5 
1, --Z/D=0.0 
0.0 2.0 4.0 6.0 8.0 10.0 
w (M) 
Figure 4-44 Load-displacement curves for smooth-sided, rough-based 
embedded circular footings. 
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Figure 4-45 Tangent stiffness (as defined in Eq. 4-7) degradation curves for 
the load-displacement curves presented in Figure 4-44. 
Figure 4-45 gives an important insight into why the load-displacement curves are 
initially identical, contrary to what one would expect based on the variation of go 
with Z/D in Section 4.2.2. For embedded footings, the tangential stiffness 
immediately reduces, with no elastic region apparent from the stiffness 
degradation curves. The elastic response of embedded footings would therefore 
appear to be irrelevant. This is confirmed from inspection of the extent of plastic 
shearing in the soil around the footing's base for the first few increments, shown 
in Figure 4-46 for Z/D = 4.0. 
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Figure 4-46 Zones of plastic shearing for the first four increments of 
displacement around the comer of a smooth-sided, rough-based embedded 
foundation at ZID=4.0. 
Identical behaviour is also observed in the stiffness degradation curves of rough- 
sided foundations, and footings at the base of an open, unsupported shaft, as 
shown in Figure 4-47. 
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Figure 4-47 Tangent stiffness degradation curves for: a) rough-based, 
rough-sided embedded circular foundations, and b) rough-based, circular 
footings at the base of an open, unsupported shaft. 
Despite extensive efforts, the elastoplastic load-displacement behaviour of 
embedded footings does not appear to lend itself either to normalisation or the 
formulation of a predictive equation. 
The load-dis place m ent curves for each type of footing, however, can be non- 
dimensionalised in a similar manner to those of surface footings on a 
heterogeneous clay deposit, as described in Section 4.4.4. 
The non-dimensionalising equations, Eq. 4-12 and Eq. 4-13, repeated below, are 
now extended to also include the depth factor, dc. 
Q. Orm -Q 
Eq. 4-12 
s,, d, N, AS: 
wG 
WI. Orm = sdNDS: 
Eq. 4-13 
Upon non-dimensionalisation, the elastoplastic load-displacement curves for 
each type of foundation analysed plot as a suite of curves, as shown in the 
following figures. Note due to the extent of the curves with respect to wnorm (the 
normalised foundation displacement) two set of plots for each case are shown to 
ensure both clarity and completeness. 
In the case of rough and smooth-sided, embedded circular foundations, the 
normalised displacement (Wnorm) required for the foundation to reach 99% of its 
ultimate bearing capacity (i. e. Qnorm=0-99) can be approximated, as shown in 
Figure 4-48, by a quadratic function, Eq. 4-22, which is solely related to the 
normalised embedment, Z/D. 
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Figure 4-48 Influence of embedment upon the normalised displacement 
required for an embedded circular foundation to reach 99% of Its ultimate 
capacity. 
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Figure 4-49 Normalised load-displacement curves for smooth-sided, rough- 
based circular foundations. 
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Figure 4-50 Normalised load-displacement curves for rough-sided, rough- 
based circular foundations (base contributions only). 
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Figure 4-51 Normallsed load-displacement curves for rough-sided, rough- 
based circular foundations (using base and side friction contributions). 
The jagged appearance of the load-displacement curves in Figure 4-51 above is 
due to tension cracks opening and closing along the side of the foundation as the 
failure mechanism develops. Figure 4-52 shows the normal total stress profile 
along the side of a foundation embedded at Z/D = 4.0 as it approaches failure. 
Should a crack occur at the footing-soil interface, the shaft area in contact with 
the soil will reduce causing a reduction in the side friction resistance. 
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Similar cracks also occur for smooth-sided embedded foundations, however as 
the side friction does not contribute to the total capacity of the foundation, the 
resulting load-displacement curves are not affected. 
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Figure 4-52 Normal total stress distribution down the side of a rough-sided 
embedded circular footing Initially embedded at ZID=4.0, for various stages 
of loading. 
Figure 4-53 and Figure 4-54 present similar normalised load-displacement 
responses of rough and smooth-based circular footings at the base of an open 
shaft. 
Identical load-dis place m ent responses are obtained for Z/D>1.5 and 1.0 for rough 
and smooth footings respectively due to the initiation of back-flow, as discussed 
in Section 3.5.6. 
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Figure 4-53 Normalised load-displacement curves for rough-based circular 
footings at the base of an open shaft. 
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Figure 4-54 Normallsed load-displacement curves for smooth-based ,w 
circular footings at the base of an open shaft. 
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4.4.6 Summary of the similarity curve design method 
The above Sections have shown that the similarity curve method is suitable for 
predicting the vertical load-displacement behaviour of a wide range of foundation 
types. The actual load-settlement curve (Qv vs. w) for a particular foundation can 
therefore be found by using the normalised load and displacement values from 
the fundamental curve (Onorm VS- Wnorm), repeated below in Figure 4-55, scaled by 
various parameters as shown in Eq. 4-23 and Eq. 4-24 below: 
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Figure 4-55 Fundamental load-displacement curve for use in the 'similarity 
curve'design method The data points are presented in Appendix 3. 
Q" 
ý s, dNAS* Ql. orm u 
Eq. 4-23 
w pl,, Ia,,,,. i,, s, d, NDS* u 
W"Orm G Eq. 4-24 
Where: 
0, is the predicted load of the foundation in question 
Onorm is the normalised load value from the fundamental curve, 
sr is the shape factor for the footing - refer to Section 3.4, 
d. is the depth factor for the footing - refer to Section 3.5.4, 
Nr, is the bearing capacity factor for a strip footing (=2+7r), 
A is the foundation's cross-sectional plan area (=B for a strip foundation), 
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Su* is the equivalent undrained strength of the soil - refer to 4.4.4. For a 
homogeneous soil strength profile, Su*=Su, 
w is the settlement of the foundation in question, 
Wnorm is the normalised displacement value from the fundamental curve, 
111rel takes into account the thickness of the soil beneath the foundation to a rigid 
base layer. Expressions for strip footings are given in Eq. 4-18 and Eq. 4-20 for 
strip foundations, and Eq. 4-15 for circular foundations, 
astrip is a factor for scaling the displacement values for strip footings, defined in 
Section 4.4.3. astrip equals 1.0 and 1.852 for circular and strip footings 
respectively, 
D is the width/diameter of the foundation, 
G is the appropriate shear modulus of the soil. 
Based on the finite element analyses described in this Section the 
resulting load-displacement curve will be accurate to within 7% of the 
actual load-displacement response. 
For the case of foundations where the soil strength increases with depth, 
the corresponding curve from Figure 4-39 to Figure 4-42 should be used 
instead of the fundamental curve. 
9 For embedded foundations, the corresponding curve from Figure 4-49 to 
Figure 4-54 should be used instead of the fundamental curve. 
For illustration, an example calculation for the load-settlement response of 
a strip surface footing on a soil layer of finite thickness is given in 
Appendix 4. 
4.5. SUMMARY 
This Section has provided two practical approaches to the analysis of undrained 
elastoplastic footing stiffness and settlement on clays: the four-parameter, 
stiffness degradation model (Section 4.3), and similarity curves (Section 4.4). 
The aim is to provide a consistent toolkit with which one can compute the non- 
linear undrained settlement response due to vertical loading. The success of the 
results obtained, however, will be entirely dependent upon the undrained soil 
stiffness assumed by the practitioner. 
A single appropriate stiffness value for a soil is actually impossible to ascertain as 
all soils exhibit have a non-linear stiffness with respect to strain, that depends 
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upon such factors as stress state, rate of loading and structure. The plethora of 
tests required to determine the complete constitutive behaviour of a soil profile at 
a particular site is prohibitively expensive for the majority of projects to undertake, 
and hence an educated judgement is required based on the data available. 
Should a particular project allow the determination of a non-linear stiffness curve 
for the soil in question then case-specific numerical analysis should be 
undertaken. This will enable the realisation of the potential benefits that more 
detailed soil data can give to a project's outcome. 
The work undertaken here extends the 'traditional' elastic solutions, coupled with 
the Tresca failure criterion for consistency with conventional bearing capacity 
equations, in order to produce solutions that encompass the full elastoplastic 
response. 
The following specific conclusions have been drawn from the work contained in 
this chapter: 
When using finite element analyses to model the elastic response of 
foundations, the lateral extent of the mesh used will significantly influence 
the results obtained, as illustrated by Figure 4-7. 
The common assumption that the settlement of a rigid strip footing is 
approximately equal to the average settlement of a flexible strip footing 
leads to an 8% overprediction of the foundation's stiffness (Figure 4-8). 
0 Finite element analyses performed in Section 4.2, to quantify the effect of 
soil depth upon the elastic settlement parameter gl, are in excellent 
agreement with both Poulos & Davis' solution for a rigid circle and 
Giroud's solution for a flexible strip (Figure 4-8). 
Christian & Carrier's solution for the elastic settlement factor g, for flexible 
circular footings consistently overpredicts its value by 10% compared to 
the finite element analyses described in Section 4.2, suggesting that 
Christian & Carrier's solution are in error. 
The vertical stiffness of a surface footing on an elastic, perfectly-plastic 
material reduces from its initial elastic value as failure is approached. This 
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stiffness degradation can be reasonably approximated by a bi-linear 
model, as shown in Figure 4-24. 
9 The displacement required for a foundation to reach failure on an Tresca- 
type soil is proportional to the soil's undrained strength, Su, and inversely 
proportional to the soil's undrained stiffness, Eu. 
The elastoplastic load-displacement response of a foundation can be 
found by scaling a fundamental curve shown in Figure 4-30 using Eq. 
4-13 and Eq. 4-14. This methodology enables the load-displacement 
curve to be obtained, within 7%, for any combination of: 
" Undrained stiffness 
" Undrained strength 
" Footing width or diameter 
" Strip or circular footing 
" Footing roughness 
" Depth of soil to rigid boundary layer. 
All types of embedded foundations investigated in this Section have only 
exhibited elastic behaviour at very small displacements, suggesting that 
elastic solutions are of little applicability. This is due to the plastification of 
soil in the vicinity of the footing's corner. 
The normalised displacements required for an embedded rigid foundation 
to reach 99% of its ultimate capacity have been found to be well 
represented by a quadratic curve with respect to the normalized depth of 
embedment, Z/D, as shown in Figure 4-48. 
The SNAME 5/5A Rev. 2 (2002) design code values for Kdj, the increase 
in elastic vertical settlement with spudcan embedment, differ significantly 
from the values reported in the reference work upon which it is based. 
The values in the design code typically predict a 13% stiffer response 
than that found in the analyses undertaken by Bell (1991) (Figure 4-11). 
The increase in vertical foundation stiffness for a circular footing at the 
base of an open shaft was found to be greater than that proposed by 
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Burland (1970) (Figure 4-13), and comparable to that found by Bell 
(1991), for identical boundary conditions (Figure 4-20). 
0 Circular footings exhibit greater increases of vertical stiffness with depth 
than strip footings for the same boundary conditions. 
The elastic response of embedded foundations is influenced by the 
vertical extent of the mesh below the foundation in the same manner as 
for surface footings. 
The use of elastic settlement parameters for fully embedded footings are 
not deemed suitable for use in design for spudcan foundations due to the 
inherently variable competency of backfill material. 
The increase in vertical foundation stiffness for a rigid, smooth-sided 
embedded foundation is approximately equal to that for an embedded 
footing at the base of an unsupported shaft. 
The proportion of the total capacity of an embedded foundation sustained 
by the foundation's base diminishes with the depth of embedment in a 
non-linear manner, as in Figure 4-21. 
For embedded footings and surface footings resting on a soil whose 
undrained strength increases with depth, a suite of fundamental curves 
are obtained (Figure 4-49 to Figure 4-54, and Figure 4-39 to Figure 4-42 
respectively), as it has not been possible to rationalize all load- 
displacement curves onto one unique curve. For these cases, the 
appropriate fundamental curve should be used instead of that proposed 
for surface footings in homogeneous soil conditions. 
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5. 
PUNCH-THROUGH FAILURE IN LAYERED CLAYS 
The Arabdrill 19 capsized in 2002 after experiencing a punch-through failure. The 
collapse also destroyed the neighbouring production platform, killed three 
workers, and resulted in the release of oil and gas into the environment. 
The platform was subsequently salvaged from the seafloor and sold for $2.5m! 
"You can tell how bad the punch-through is by how hard your head hits the wall" 
Osborne & Paisley (2002) 
5.1. BACKGROUND 
A punch-through is defined by Craig & Chua (1990) as a "sudden, rapid increase 
in footing penetration under load controlled conditions". Punch-throughs can 
occur during a jack-up's installation in layered soil stratigraphies consisting of a 
stronger layer overlying a weaker layer. In this situation, when a spudcan is being 
preloaded to its maximum vertical load, Wo, the applied bearing stress will 
exceed the bearing capacity of the soil, causing the foundation to fail. Due to the 
fact that the underlying soil is normally significantly weaker, the spudcan will 
penetrate to a significant depth before encountering sufficient resistance for 
vertical equilibrium to be restored. The resulting tilt of the rig in the direction of 
the affected leg exacerbates the problem as a greater load will be applied to the 
spudcan, increasing its penetration. Eventually a punch-through failure may be 
stabilised as the hull enters the water, reducing the bearing load on the affected 
spudcan. 
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Punch-throughs are sudden events, occurring in a matter of minutes. If the 
personnel or equipment cannot correct the change in deck pitch sufficiently 
quickly, relatively small plunges can cause extensive damage to the rig or a 
complete capsize. One case reported by McClelland et al. (1981) describes a 
rig's leg sinking 8.5m in 30 seconds. 
A spudcan is said to 'hang-up' when it penetrates to a depth less than that 
predicted from bearing capacity profile calculations. This situation presents 
operators with a dilemma, as it could suggest that an undetected strong layer is 
present which could cause an undesirable punch-through event to occur during a 
storm. Further preloading or site investigations are normally undertaken in such a 
situation, causing significant delays in operations. 
The typical theoretical bearing capacity profile where there is a risk of punch- 
through is shown in Figure 5-1. The sudden change from an increase to a 
decrease in capacity with depth is known as the 'kick-back' and represents the 
point at which punch-through will occur as the load on the footing increases. 
Assuming the hull remains above the water, the vertical load on a spudcan will 
not reduce as it penetrates the seabed, the actual bearing load profile of a 
spudcan undergoing punch-through at this location will be as shown by the 
dotted line in Figure 5-1. Typical penetrations during punch-through failures are 
of the order of 1 to 4 metres, and are generally limited by the air gap between the 
hull and the sea surface during preloading. As a leg penetrates the seabed 
during a punch-through failure, the hull will eventually be immersed in the sea, 
reducing the loads on the leg due to the effects of buoyancy. 
Bearing Capacity 
Upper layer Upper strong layer 
thickness, H Strength = Suu 
rr------------ 
Lower weak layer 
Strength = Sul 
Actual load- 
penetration profile 
Depth 
Figure 5-1 The bearing capacity profile of a soil stratigraphy with a risk of 
punch-through failure. 
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The consequences of a punch-through event vary from slight delays, to the 
catastrophic loss of the entire platform. Typical losses incurred can include: 
0 Damage to leg members (that could cause difficulties in leg extraction, or 
require repairs onshore) 
" Loss of the entire platform (new platforms currently cost up to $200m) 
" Injury or death of personnel aboard 
" Lost rig operation time at site (current hire rates are up to $300,000/day) 
Costs and delays for clearing debris from seafloor 
Damage to adjacent platforms, sub-sea structures and/or pipelines 
Lost time in locating and moving a replacement platform to site 
Environmental damage from oil spillages 
Osborne and Paisley (2002) suggested two descriptors for punch-through 
foundation failures: 
A 'rapid penetration event' - where the spudcan penetrates the seabed in 
an uncontrolled manner. The foundation, however, does not plunge 
sufficiently to either cause physical damage to the platform or significant 
delay to the operational program. Osborne & Paisley (2002) report that 
such incidents occur once a week in South-East Asia -a disturbing 
statistic! 
A 'punch-through failure' - where a spudcan punches through a strong 
layer with sufficient severity to cause losses, either in terms of time, 
platform damage, or injuries to personnel. The statistics presented by 
Jack et al. (2001) suggest an average loss of one platform per annum due 
to punch-through failures. 
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5.1.1 Geotechnical conditions that create a risk of punch-through 
failure 
Four stratigraphic profiles present a risk of punch-through failures to jack-up 
platforms and are illustrated in Figure 5-2: 
Type 1 Type 2 Type 3 Type 4 
Figure 5-2 Mustrations of the stratigraphies that can cause punch-throughs. 
1. A sand-laver overlVinq either a looser sand laver or claV. Changes in the 
sedimentation regime over time may lead to a denser sand being 
deposited over a stratum of loose sand, or a layer of clay. In both cases 
the bearing capacity of the overlying sand can be significantly greater 
than the underlying soil, thus presenting the potential for a punch-through 
failure. Due to the difficulties of obtaining sand samples, in-situ CPT tests 
should be undertaken to reliably detect such soil layering. 
Locations: Many areas including the Middle East, Gulf of Mexico, North 
Sea 
2. Cemented sand layers.. The thickness of cemented sand layers can be as 
little as 100mm, making detection difficult from a conventional site 
investigation - the use of CPT is again recommended in order to detect 
such features. 
Despite their thickness, the layer's strength can approach that of rock, 
resulting in an extremely hard, brittle layer capable of causing a spudcan 
to penetrate less than expected, or to suddenly break through and plunge 
to a significant depth. 
Location: Generally in calcareous seabeds such as Australia, Middle 
East 
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3. Historically desiccated clay lavers. During the previous Ice Age, the global 
sea level was around 120m lower than it is today. In this period, the 
sediments which now form the shallow materials of the current seabed 
were exposed to surface weathering. In hot climates, the surface of any 
exposed silt or clay would have become desiccated, producing a shallow 
crust of strong material. As sea levels rose to their present levels, this 
stronger material was submerged and covered with thin (<5m thick) layers 
of recent sediments, whilst maintaining a strength significantly greater 
than the underlying clay. 
Locations: Particularly found in the waters of South-East Asia: South 
China Sea, Sunda Shelf - see Castleberry & Prebaharan (1985). 
4. Thixotrol2ic clays. Such clays may present a hazard to jacking operations 
in the situation where there is a pause in the preloading. During this 
period, the clays may locally strengthen in the zone of increased stress 
around the spudcan. Upon the resumption of preloading, this strong zone 
may act as a strong layer system and present a punch-through risk. 
This risk is less certain than the above as field evidence has only been 
published by Young et al. (1984). It has been suggested that punch- 
through failures of this type may be due to the rapid consolidation of the 
soil surrounding the spudcan during preload delay, Dean (2004). 
Locations: Low energy environments or deltaic zones. Gulf of Mexico, 
India, West Africa. 
Due to their loading history, the strength of overconsolidated seabed clays 
reduces with depth. The relatively high strength of the clay, however, prevents 
significant spudcan penetrations and the rate of reduction in strength with depth 
is generally not sufficient to pose a punch-through risk to jack-up platforms. 
5.1.2 Published case histories of punch-through Incidents 
Should a minor incident occur, most rig operators will not inform their oil company 
clients. However should a major incident occur, oil companies can be hesitant 
from informing the relevant government authority. Should any severity of punch- 
through occur, the organisations involved will be unlikely to publish details in 
journals. This was evident at the 2005 Jack-up Conference at City University 
where a warranty surveyor presented details of a punch-through during 
preloading in South-East Asia, but refrained from contributing to the conference 
proceedings. 
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Table 5-1 highlights the lack of field data available from sources in the public 
domain. Through the assistance of the London office of the Noble Denton Group, 
it was possible to obtain five further case histories in addition to those below, one 
of which was related to layered clays. For further information on the case 
histories available, refer to Section 5.7. 
The Author has undertaken an extensive review of the literature pertaining to the 
bearing capacity of footings in layered soils. In order that others may benefit from 
this research, a complete bibliographic list of all relevant references is presented 
in Appendix 5. 
Sand overlying clay Stiff clay overlying soft clay 
Laboratory study 11 5 
Field data 5 5 
Theoretical study* 20 17 
Numerical analysis 7 7 
denotes work undertaken based on theoretical principles rather than data. 
Table 5-1 Number of published studies undertaken with respect to layered 
soils posing a punch-through risk. 
5.2. OBJECTIVE 
Osborne and Paisley (2002) have stated that jack-up operators in South-East 
Asia are currently experiencing one rapid penetration event a week. This 
exemplifies the current, significant hazard to oil rig operations posed by punch- 
through type failures in layered clays. 
As such the following work has concentrated on undertaking finite element 
analyses of spudcan capacities in layered clays in order to assess the accuracy 
of the methods of analysis currently recommended by the SNAME (2002) 5-5A 
Rev. 2 design code. 
Merifield and Sloan (1999) present upper and lower bound solutions for bearing 
capacity in layered clays using a novel form of numerical analysis which form a 
narrow region within which the true solution must exist. The boundary conditions 
adopted, however, were confined to plane strain conditions, representing strip 
foundations, and are therefore not directly applicable to spudcans. 
The availability of these bounds are, however, useful in validating the analytical 
approach outlined below. Consequently, strip footings have been analysed and 
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compared to the results of Merifield and Sloan before modelling axi-symmetric 
footings. 
5.3. METHODS OF ANALYSIS INCLUDED IN SNAME (2002) 
In the case of layered clays the SNAME recommended practice recommends the 
application of Brown and Meyerhof's (1969) solution. In the Commentary section, 
the reader is also informed of the 'projected area methods' available for the 
analysis of sand overlying clay. The latter method can also be applied in the 
analysis of layered clays, therefore both methods are discussed here. 
5.3.1 Brown & Meyerhof (1969) formulation 
In the late 1960s Brown and Meyerhof undertook a series of laboratory model 
tests at the Nova Scotia Technical College to ascertain the bearing capacity of 
surface footings in samples of homogeneous and layered clays. Table 5-2 
summarises the number of tests undertaken. The ultimate bearing capacities for 
the strip and circular footings on homogeneous clay were compared to the closed 
form solutions of Prandtl (1943) and Eason & Shield (1960) and used to 
'calibrate' the authors' estimates of the model soils' undrained shear strengths. 
Strip footings Circular footings_ 
Homogeneous clay 6 tests 5 tests 
Layered clays_ 25 tests 11 tests 
Table 5-2 The number of tests undertaken by Brown and Meyerhof. 
The failure loads obtained are interpreted in terms of modified bearing capacity 
factors, N,, s and N,, c for strip and circular footings, respectively. For the case of 
circular footings, NTIc is defined as in Eq. 5-1. 
= 
4Qv Eq. 5-1 
; D2s 
"u 
where: 
Qv is the failure load obtained from each model test, 
D is the footing's diameter, 
Suu is the undrained shear strength of the upper clay layer 
The data obtained for the modified bearing capacity factors, are shown in Figure 
5-3, alongside the resulting in the predictive equations, Eq. 5-2 and Eq. 5-3 for 
strip and circular footings respectively. For simplicity, the factor of 6.05 in the 
exp ession for Nrc is replaced by 6.0 in the SNAME (2002) recommended 
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practice. As the modified bearing capacity coefficient, N .. c, is constrained to a 
value less than or equal to 6.05, the formulae both inherently assume the footing 
is rough. 
a6 E 
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Figure 5-3 Design curves for the prediction of bearing capacities in layered 
clays where Suu>Sul from Brown & Meyerhof (1969) 
Strip: Qf = AN,,,, S,,. Where N,. = 
1.5H 
+ 5.14 
Sul 
-< 
5.14 Eq. 5-2 
[BS. 
u - 
Circle: Qf = AN ýSuu 
Where N,, =F3. 
OH 
+ 6.05 
L-1]: 
5 6.05 Eq. 5-3 LDs. 
u 
Merifield & Sloan's discussion of the above formulae commented: "for very strong 
top crusts, (SudSul)>2.5, these solutions tend to become overly conservative as 
H/B increases, and lie 12-16% below the lower bound solution". In terms of the 
prediction of the punch-through of a jack-up's spudcan, an underestimate of the 
actual bearing capacity would lead an engineer to underestimate the punch- 
through potential and punch-through severity in layered clays, as shown in Figure 
5-4. 
A design formula that underestimates the bearing capacity in the upper clay layer 
is therefore not necessarily conservative. 
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Conservative 
load- penetration 
prediction 
Extra, unexpec ed 
punch-through 
penetration 
Depth 
Bearing Capacity 
Strong upper layer 
Actual load- 
penetration profile 
Weak lower layer 
Figure 5-4 Illustration of the unexpectedly high punch-through penetrations 
that can occur as a consequence of the conservative estimation of bearing 
capacity in layered clays. 
Comparison of the bearing capacity factors for strip footings predicted by Eq. 5-2 
with the upper and lower bound results of Merif ield & Sloan (1999), demonstrates 
that the predictions of the failure load using Brown & Meyerhof's formulation lie 
below the lower bound estimate for the majority of the combinations of upper 
layer strengths and thicknesses. Table 5-3 gives the ratios of the failure load 
predicted by the Brown & Meyerhof formula and the lower bound estimate from 
Merifield & Sloan's study. Ratios less than unity therefore denote predictions that 
are less than the lower bound, and hence sufficiently inaccurate as to not be 
classed as rigorous. 
SUU/SUI 
H/D 1.5 2.0 2.5 3.0 3.5 4.0 5.0 
0.125 1.05 1.01 0.98 0.96 0.95 0.94 0.94 
0.250 1.04 0.98 0.94 0.92 0.90 0.89 0.88 
0.375 1.03 0.96 0.93 0.89 0.87 0.86 0.84 
0.500 1.03 0.94 0.90 0.87 0.85 0.83 0.82 
0.750 1.03 0.92 0.87 0.84 0.83 0.81 0.82 
1.000 1.03 0.92 0.86 0.83 0.80 0.80 0.82 
Table 5-3 Ratios of Brown & Meyerhof's predictions of failure loads to 
Merifield & Sloan's lower bound estimates. Values in bold denote values 
that lie outside of their lower bounds. 
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In conclusion, whilst the formula proposed in Eq. 5-2 is based on a large number 
of model tests, the resulting predictions lie outside the bounds of rigour as 
defined by Merifield & Sloan, consistently underpreclicting failure loads. Eq. 5-3 is 
based on the results of only 11 model tests, and would thus be expected to be 
less accurate than the relationship for strip footings. 
It has been noted that a bearing capacity formula for layered clays that 
underpreclicts the capacity in the upper layer is not necessarily conservative and 
will also underpreclict the severity of a punch-through event. 
The above observations may explain the relatively high incidence of rapid 
penetration events that occur in layered clays. 
5.3.2 Projected area methods 
The 'projected area' method is an empirical formula based on a simplification of 
the problem as illustrated in Figure 5-5. The bearing capacity calculation is 
undertaken with respect to a fictitious footing of diameter D' that is located at the 
interface between the clay layers at a depth, H. The diameter D' is defined 
geometrically by Eq. 5-4 using a'load-spreading angle', P. 
D' =D+ 2H tanp 
D 
.40 
H Upper Clay 
D' Lower Clay 
Figure 5-5 The geometric basis for the projected area methods. 
Eq. 5-4 
The failure load, Of, is hence determined in Eq. 5-5 by using the lower layer's 
strength in conjunction with a footing area determined from D'. 
)r (D +, 2 H tan, 8)-', v, N, S,, 4 Eq. 5-5 
Note that the overburden and depth correction factor are not included in this 
formula. 
Table 5-4 summarises the range of values proposed by various authors for the 
load spread angle, ý- With the exception of Jacobsen, none suggest that the 
values are related to the strength ratio S, u/S, I. This would seem nonsensical as 
the relative strength of the upper layer will influence the mode of failure. 
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Author Load spread angle, 
Young el al. (1984) tan 
Chiba et al. (1986) tan 1 (112) 
Tomlinson (1986) tan '(112) 
Terzaghi & Peck (1948) tan 1 (1/2) 
Jacobsen et al. (1977) tan-'[1/2(0.1 125 + 0.0344(qfL, /qtl))] 
Note: qf,, and qft are the bearing capacities of a footing on a homogeneous soil of 
strength S,,,, and S,, j respectively. Therefore qt, lqt, =S,,, IS,, l 
Table 5-4 Load spread angles proposed by different authors 
From Figure 5-5, the projected area method indirectly assumes that the bearing 
load of the footing is transferred via a truncated cone of upper layer material to 
the lower layer without any shearing occurring in the upper layer. Centrifuge tests 
undertaken by Hossain et al. (2005b), however, have suggested (as in Figure 
5-6) that the mode of punch-through failure involves an inverted truncated cone 
of the upper layer (A'-B'-B-A) punching into the lower clay with vertical, spreading 
shear zones (A-B-C and A'-B'-C') occurrinq heneath the footing's edge. 
C/ 
Layer boundary 
Figure 5-6 Illustration of the mode of failure observed in the centrifuge 
model tests of Hossain et A (2005b) for layered clays. 
The predictions of failure loads using the various load-spread angles have been 
compared with the upper and lower bounds from Merifield & Sloan, for the H/B 
and Su,, /S,,, ratios investigated in their study. Note that for this comparison, Eq. 
5-5 has been adapted for strip footings and re-arranged, resulting in the following 
expression: 
N, 
1+2 
H 
Eq. 5-6 SIM I stil 
(B 
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When computed, one can see that the relative errors between the projected area 
methods and the upper and lower bounds, as defined in Eq. 5-7, are substantial. 
A summary of these errors is presented in Table 5-5, and illustrated in Figure 5-7 
for the example of H/B = 0.5. 
It is clear that none of the load spread angle values produce a satisfactory 
estimate of bearing capacity for use in design. As such the methods cannot be 
recommended for use in the design of foundations. 
[N,, ' 
]Projectedarea 
- -2L 
qN., * L+ IN: L 
Error r -1 r -1 Eq. 5-7 qNc* L+ [Nc* L) 
0 Where [N, ]proj,, ct,, dar.,, is the modified bearing capacity coefficient predicted 
by the 
particular projected area method, and [N,; JLJ3 and [N,: ]uB are the modified bearing 
capacity coefficients corresponding to Merifield & Sloan's lower and upper Bound 
solutions, respectively. 
Method Maximum ratio Minimum ratio Average ratio 
P=tan 91% -52% -10% 
P=tan-1(1/2) 145% -39% 4% 
Jacobsen et al. 
(1977)1 
7% 
1 
-68% 
1 
-30% 
Table 5-5 Relative errors (as defined in Eq. 5-7) in the failure loads 
predicted by the various projected area methods compared to the average 
upper and lower bound solutions of Merifield & Sloan (1999). 
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Figure 5-7 Comparison of various projected area methods to the upper and 
lower bounds of Merifield & Sloan (1999) for HIB = 0.5 
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5.4. METHODOLOGY 
In order to analyse the vertical bearing capacity of footings in layered clays a 
parametric study is undertaken using small-strain, displacement-controlled finite 
element analyses. As all reported cases of punch-through failures have occurred 
during the installation of jack-up platforms, only vertical loading is considered 
here enabling the use of an axi-symmetric type of analysis. 
Strip footings are first modelled in order to validate the present analyses with the 
upper and lower bound solutions of Merifield & Sloan (1999), before the 
investigation of circular footings. 
In this study the relative thickness of the upper layer to the footing's diameter, 
and the ratio of the upper layer's strength to that of the lower layer are varied in 
order to ascertain their influence on the ultimate capacity of a spudcan in layered 
clays. The footing is displaced downwards from the seabed surface into a soil 
stratigraphy consisting of a strong, upper layer overlying a weaker lower layer. 
The reactions from the soil are recorded, and used to deduce the bearing 
capacity at failure. The vectors of soil displacements at failure are examined to 
determine the type of failure mechanisms developed in order to investigate the 
influence of the upper layer's thickness and relative strength compared to the 
lower layer. 
The notation introduced in Figure 5-1 is used, namely H as the upper layer's 
thickness, and Suu and Sul for the undrained strengths of the upper and lower 
layers, respectively. 
The aim of the above methodology is to produce practical bearing capacity 
coefficients for use in the standard bearing capacity equation to predict the 
bearing pressure that is required to cause punch-though failure of a two-layer 
clay profile. As the footings are placed at the soil surface, the conditions 
modelled here do not include any effects of the upper, strong clay being pushed 
into the underlying soft clay as is seen to occur in model footing tests (see Figure 
5-26). The bearing capacity values obtained here, therefore, may underestimate 
the available bearing capacity for a two clay layer system and are not designed to 
give an accurate representation of the bearing resistance offered by the soil as 
the spudcan penetrates through the seabed after punch-through has occurred. 
The field evidence presented in the following Section does, however, suggest 
that strong crusts have thicknesses of the order of only a few metres, thus it is 
likely that little of the upper layer will have penetrated the underlying clay at 
maximum bearing resistance. It is also recognised that offshore geotechnical 
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engineers are generally interested in calculating the bearing pressure for punch- 
through failure to occur in order to avoid its occurrence, rather than the bearing 
capacity available as it occurs. 
5.4.1 Mesh design 
The mesh previously used for the study of vertical bearing capacity was adapted 
for use here by increasing the vertical mesh density beneath the footing, as 
shown in Figure 5-8 for the example of H=0.25D. The modified design permits 
the vertical discretisation of the soil domain into twelve layers whose material 
properties can each be independently controlled. 
Houlsby & Martin (2003) and the present study both show the shape factor for 
rough conical footings is approximately constant for cone angles (P) greater than 
120' (refer to Figure 3-15). Modern spudcan geometries rarely incorporate cone 
angles sharper than 1300 in order to maximise the contact area with hard 
seabeds (beneficial for sliding and overturning resistance) thus a flat, circular 
footing will accurately represent the vertical bearing capacity of most modern 
spudcan designs if a fully rough interface is assumed. 
H 
I 
5D 
r 
7.5D Axis of rotation 
Figure 5-8 Finite element mesh used in punch-through studies 
Strong 
Layer 
The choice of upper layer thicknesses is based upon the field data of Castleberry 
& Prebaharan (1985) from the South China Sea - an area of high punch-through 
11/2D 
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risk due to layered clays. The depth and thickness of the strong, clay crusts 
determined by Castleberry & Prebaharan are elegantly represented in Figure 5-9. 
Sea level The vertical lines represent "Iný a 
the extent of the clay crust 
and the depth below the sea 
floor at which they occur 
E 
(D 
as 
a) 
(1) 
.0 
CL 
Figure 5-9 Distribution of crusts In the Sunda Shelf (adapted from 
Castleberry & Prebaharan 1985). 
The data presented in Figure 5-9 can be rearranged to produce distributions of 
crust thicknesses, as in Figure 5-10, and the depths of the crusts below the 
seabed surface, shown in Figure 5-11. 
I Cumulativ: e] 
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Figure 5-10 Distribution of crust thicknesses in the Sunda Shelf identified 
by Castleberry & Prebaharan (1985). 
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Figure 5-11 Distribution of the depths of the top of strong layers below the 
seabed surface identified by Castleberry & Prebaharan (1985). 
Based on the above data, upper clay layer thicknesses of 2,4,5,6,8,10,15,20, 
25,30 and 50m were chosen for investigation in the numerical analyses 
(thicknesses greater than 1 Om are examined for comprehensiveness). 
By using the mesh shown in Figure 5-8 that contains horizontal layering of 
elements such that all the above upper layer thicknesses can be modelled, the 
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same mesh is used for each analysis ensuring consistency between analyses. 
The axis of symmetry for strip footings is also appropriate for the axis of rotation 
for circular footings, permitting the mesh to be used for both geometries, again 
ensuring consistency between analyses. 
In all analyses the footing's full width or diameter was 20m, typical for modern 
spudcan designs, and perfectly rough, for consistency with both the work of 
Brown & Meyerhof (1969) and the SNAME (2002) design code. The latter 
assumption is justified based on the field experience reported by Colliat & 
Dendani (2002) that provides graphic evidence of soft to firm clayey seabed soils 
adhering to smooth metal foundation surfaces. 
Interface elements, of the type previously used in Section 3.3, were placed 
between the footing and the soil to improve the representation of the soil 
kinematics around the footing's corner in the analysis. The undrained shear 
strength and stiffness of the interface elements are specified to be comparable 
with the surrounding soil elements. 
5.4.2 Soil properties 
In all analyses, the coefficient of earth pressure at rest, KO, was assumed to be 
1.0 and a constant undrained Young's Modulus, Eu, of 1 OOMPa was adopted. 
The Tresca failure criterion is assumed for consistency with both current design 
code formulae, and the likely site investigation data available at jack-up 
installations. 
Based on the data of Castleberry & Prebaharan (1985), using hand vane and 
Unconsolidated-Undrained triaxial tests, a typical range for undrained strengths 
of clay crusts is between 25 and 200kPa, whilst the underlying clay can have a 
strength of around 10 to 120kPa. It is reasonable to suppose that the highest 
upper layer strengths did not coincide with the lowest, lower layer strengths, 
therefore the maximum strength ratio, SJSul was judged to be 7.0 after the 
consideration of other case histories of punch-through failures in layered clays. 
The lower clay layer's strength (S,,, ) was specified as 30kPa in all analyses, whilst 
the upper layer's strength (Suu) varied from 30kPa to 210kPa, permitting the 
strength ratio range investigated here to vary between 1.0 and 7.0. 
A total of 100 analyses were performed, as set out in Table 5-6, comprising 99 
analyses with layered stratigraphies of various strength ratios and upper layer 
thicknesses and one analysis that assumes a homogeneous strength profile 
where Suu=Su1=30kPa. The failure load obtained from the homogeneous analysis, 
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labelled 'a' in Table 5-6, can be used to populate the table for all other 
homogeneous cases. 
An upper layer thickness, H, of 0.0 corresponds to a case where there is no 
upper strong layer, and hence the failure load will be equal to that of a footing in 
the lower, softer clay. 
An upper layer thickness of infinity refers to the case where all the elements in 
the mesh have an undrained strength Suu. As the bearing capacity of a surface 
footing is proportional to the undrained strength, the failure load for these infinite 
upper layer thicknesses is SjSuj times 'a'. 
Similarly a strength ratio SujSuj of unity is, by definition, a soil profile whose 
upper and lower layers have the same strength, and is hence homogeneous. 
S,, (kPa) 30 45 60 75 90 105 120 150 180 210 
H S,, JS,,, 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0 6.0 7.0 
H/D 
0 0 a =a , =a , =a =a =a =a . =a =a . =a 2 0.10 =a 
4 0.20 =a 
5 0.25 =a 
6 0.30 =a 
8 0.40 =a 
10 0.50 =a 9 strength ratios x 11 thicknesses 99 analyses 
15 0.75 =a 
20 1.00 =a 
25 1.25 =a 
30 1.50 =a 
50 2.50 =a 
Infinity Infinity =a 
_1 =1.5al =2a 
1 =2.5al =3a 1 =3.5al =4a I =5a 1 
-aI =6 
7a 
.. 
fzc, ad 
Table 5-6 Combinations of strength ratios and upper layer thicknesses 
analysed 
In each analysis the footing is penetrated into the soil using the same approach 
as for the investigation of vertical bearing capacity in Section 3.3. Single 
increments of 0.025m vertical displacement were applied to the footing, followed 
by 9 'dummy' increments to allow the residual loads to dissipate. This sequence 
of ten increments was repeated until a clearly defined plateau in the soil reaction 
values was observed, corresponding to the failure load. In all cases the residual 
loads at the end of each set of nine 'dummy' increments had reduced to 
negligible values. 
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5.5. RESULTS FOR STRIP FOOTINGS 
The analyses reported here took advantage of the plane of symmetry present 
through a strip footing's centreline. In order to represent the failure loads from the 
full footing, the reactions obtained directly from the analyses were doubled. 
The failure loads reported in the proceeding Sections are the failure loads for a 
full width strip footing. 
The series of failure loads obtained for the various strength ratios and upper layer 
thicknesses are presented in Table 5-7 and later plotted in Figure 5-17. 
S,, (kPa) 30 45 60 75 90 105 120 150 180 210 
S. A., 
H H/B 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0 6.0 7.0 
0 0.00 3113 3113 3113 3113 3113 3113 
. 
3113 3113 3113 3113. 
2 0.10 3113 3290 3433 3555 3670 3770 3866 4046 4195 4323 
4 0.20 3113 3452 3709 3937 4138 4321 4487 4779 5032 5260 
5 0.25 3113 3529 3845 4121 4364 4583 4784 5137 5445 5722 
6 0.30 3113 3603 3980 4301 4585 4843 5078 5491 5856 6182 
8 0.40 3113 3750 4236 4648 5019 5355 5656 6189 6660 7087 
10 0.50 3113 3893 4482 4988 5439 5848 6218 6877 7464 7991 
15 0.75 3113 4234 5073 5791 6435 7024 7563 8550 9434 10253 
20 1.00 3113 4545 5618 6544 7376 8142 8854 101611 11278 121991 
25 1.25 3113 4670 6082 7209 8239 9199 10098 116031 12808 13918 
30 1.50 3113 4671 6227 7751 8954 10085 11158 12852 14323 15715 
50 2.50 3113 4671 6228 7785 9342 10898 12455 15569 18672_ 21790 
Infinity Infinity 3113 4670 6227 7783 9340 10896 12453 15566 186801 21793 
Table 5-7 Failure loads., 06 in W obtained from finite element analyses of 
strip footings in layered clays. 
5.5.1 Validation of results 
For comparison with the upper and lower bound solutions of Merifield & Sloan, 
the failure loads listed in Table 5-7 are converted into modified bearing capacity 
coefficients, Nc*, as defined in Eq. 5-8 (termed N,, s by Brown & Meyerhof, with 
the subscript's' referring to strip footings) and are presented in Table 5-8. 
N, ' = 
Qf 
ASuu 
where N, * cannot by definition exceed N, 
Ea. 5-8 
I- 
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S,, (kPa) 30 45 60 75 90 105 120 150 180 210 
S"/S. l 
H (m) H/B 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0 6.0 7.0 
0 0.00 5.19 
, 
5.15 5.15 5.15 5.15 5.15 5.15 5.15 , 
5.15 5.15 
2 0.10 5.15 3.66 2.86 2.37 2.04 1.80 1.61 1.35 1.17 1.03 
4 0.20 5.15 3.84 3.09 2. E 2.30 2.06 1.87 1.59 1.40 1.25 
5 0.25 5.15 3.92 3.20 2.75 2.42 2.18 1.99 1.71 1.51 1.36 
6 0.30 5.15 4.00 3.32 2.87 2.55 2.31 2.12 1.83 1.63 1.47 
8 0.40 5.15 4.17 3.53 3.10 2.79 2.55 2.36 2.06 1.85 1.69 
10 0.50 5.15 4.33 3.73 3.33 3.02 2.78 2.59 2.29 2.07 1.90 
15 0.75 5.15 4.70 4.23 3.86 3.58 3.34 3.15 2.85 2.62 2.44 
20 1.00 5.15 5.05 4.68 4.36 4.10 3.88 3.69 3.39 3.13 2.90 
25 1.25 5.15 5.19 5.07 4.81 4.58 4.38 4.21 3.87 3.56 3.31 
30 1.50 5.15 5.19 5.19 5.17 4.97 4.80 4.65 4.28 3.98 3.74 
50 
- 
2.50 5.15 5.19 5.19 5.19 5.19 5.19 5.19 5.19 5.19 5.19 
f Infinity Infinity 5.15 5.19 1 5.19 5.19 
1 
5.19 5.19 5.19 5.19 5.19 5.19 
Table 5-8 Modified bearing capacity coefficients, Nc* obtained from the 
finite element analyses. 
For some of the strength ratios investigated, further analyses are undertaken in 
order to supply additional data points for the determination of H/Blimit values, 
described later in Section 5.5.3. The results of those analyses are included in 
Figure 5-17 and are listed in Table 5-9. For these cases, the H/B ratios are 
produced by individually adjusting the depth of the layers' interface in the mesh. 
SUU/SUI H/B Qt (M) N, * 
1.5 1.11 4654 5.17 
2.0 1.18 5957 4.96 
2.5 1.39 7525 5.02 
3.0 1.58 9148 5.08 
3.5 1.58 10326 4.92 
4.0 1.58 11409 4.75 
4.0 1.67 11706 4.88 
5.0 1.67 13692 4.56 
5.0 1.79 14412 4.80 
6.0 1.79 16464 4.57 
6.0 2.14 18069 5.02 
7.0 1.79 18177 4.33 
7.0 2.14 20166 4.80 
7.0 2.94 21776 5.18 
Table 5-9 Failure loads and modified bearing capacity coefficients obtained 
from supplementary analyses. 
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The modified bearing capacity coefficients obtained from the finite element 
analyses were compared with the upper and lower bound solutions obtained by 
Merifield & Sloan (1999) for all common strength ratios and H/B values. In every 
instance, the finite element results lay between the upper and lower bounds. For 
illustration, the results for an H/B ratio of 0.5 are presented in Figure 5-12 
alongside the corresponding values from Eq. 5-3 of Brown & Meyerhof (1969). 
Nc* 
4 
3 
2 
1 
er Bound -U pp 
Lower Bound 
.... Brown & Meyerhof 
Present Study 
34 
SUU/SUI 
Figure 5-12 Comparison of Nc* values obtained here with the bounds of 
Merifield & Sloan (1999) and predictions of Brown & Meyerhof (1969) for 
HIB = 0.5. 
Here the underestimations of bearing capacity predicted by Brown & Meyerhof 
are in marked contrast to the apparent accuracy of the finite element analyses 
which are approximately midway between the upper and lower bounds. 
The above results confirm the suitability of the finite element model in predicting 
failure loads of footings in layered soils. It is thus judged satisfactory to continue 
with this methodology for the study of axi-symmetric footings. 
5.5.2 Observations of failure mechanisms 
To investigate the soil movements, and hence failure mechanisms, for the 
present analyses, vectors of the incremental displacements for the last loading 
step and the contours of incremental displacement magnitude are presented in 
the following four sets of figures for the soil domain in the vicinity of the footing. 
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The first two sets of plots refer to a fixed H/B ratio of 0.5, and the second set to a 
fixed S,, JS,,, ratio of 4.0, illustrating the effects of strength ratio and upper layer 
thickness on the failure mechanisms developed. 
----- ------ 
sudsul 1.0 Suu/Sul 1.5 
m 
ý j - 
... ....... .......... 
Suu/Sul 2.0 Suu/Sul 2.5 
I 
Suu/Sul 3.0 
.............. 
Suu/Sul 4.0 
5 X 
- 
/tip, 
.................. . ... .................. .. 
Suu/Sui = 5.0 
........... 
Suu/Sul = 6.0 
Figure 5-13 Vectors of Incremental displacements at failure for HIB = 0.5 
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--------------- / X/ 
----- - ------ 
Suu/Sul 1.0 suu/sul 1.5 
---- -------------- --------- - --- - ---------- 
Suu/Sul 2.0 Suu/Sui 2.5 
----------- --- 
Suu/Sui 3.0 Suu/Sul 4.0 
- 
T-- ( 
------------- 
suu/sul 5.0 Suu/Sui 6.0 
Figure 5-14 Contours of absolute incremental displacements at failure; 
q(8L? +8W),, for HIB = 0.5 
Contour A= 25% Of 8Wincr, B= 50% of Swin,,, C= 75% Of Mina, D= 99% of Mina 
Where Mina is the applied incremental vertical displacement of the footing at 
each loading increment. 
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.......... 
H/B = 0.0 H/B 0.25 
T 
...... ... 
.......... 
----------- ...... .. 
H/B 0.5 
......... . 
H/B 0.75 
................. 
"7777-'-- ------ 
.......... 
....... .. ---------- ...... 
------------- 
H/B 1.0 H/B 1.5 
--------------------- H/B = 2.5 H/B = Infinity 
Figure 5-15 Vectors of incremental displacements at failure for SullSul=4.0 
Section 5 
Page 186 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
----------- 
H/B 0.0 H/B 0.25 
- ------ - ---- 
------------- 
H/B 0.5 H/B 0.75 
- ---------------- 
---------------- 
H/B = 1.0 H/B = 1.5 
--------------------- 
H/B = 2.5 H/B =Infinity 
Figure 5-16 Contours of absolute incremental displacements at failure, 
q(V+8W),, for Su4lSui=4.0 
Contour A= 25% Of 5Wincr, B= 50% Of SWincr, C= 75% Of SWincr, D= 99% Of Mina 
Where 5Wincr is the applied incremental vertical displacement of the footing at 
each loading increment. 
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Fixed HIB ratio, &&j varied: 
The vectors of incremental displacements at failure in Figure 5-13 for SujSul 
1.0 (i. e. homogeneous strength) show the development of a 'Prandtl-type' 
mechanism. This is confirmed by the contours of absolute incremental 
displacement at failure which show a rigid, triangular block moving downwards 
beneath the footing. 
As the soil strength ratio is increased to 1.5, the triangular block of soil beneath 
the footing is elongated vertically, increasing the size of the mechanism, and 
hence increasing the bearing capacity at failure. 
At a strength ratio, in this case greater than 2.5, the soil around the corner of the 
footing moves purely downwards, with the soil surface heave commencing further 
from the footing. This demonstrates that a deeper mechanism is being 
developed, and one can see from the contour plots that as the strength ratio 
increases, the triangular block of soil beneath the footing transforms into an 
almost rectangular shape, with less lateral soil displacement occurring beneath 
the footing's corner. 
The upper clay layer beneath the footing thus appears to act as a rigid block, 
punching into the lower layer where a bearing capacity mechanism is developed. 
For strength ratios greater than 4.0, the failure mechanism is essentially 
unchanged. 
Fixed ,, HIB varied: 
The contour plots of absolute incremental displacements at failure give a very 
clear indication of how the thickness of the strong layer influences the failure 
mechanism encountered. For the strength ratio shown, a punch-through 
mechanism is evident for H/B ratios up to 1.0. As the upper layer increases in 
thickness the geometry of the rigid upper layer block beneath the footing 
transforms into an elongated triangular shape, 'clinging' onto the lower clay layer. 
At an H/B ratio between 1.0 and 1.5 the mechanism detaches from the lower 
layer and has receded towards the surface. At H/B = 2.5 a shallow, Prandtl-type 
bearing capacity mechanism has developed in the upper layer. Thus at some 
upper layer thickness ratio between 1.5 and 2.5 a limiting condition occurs, 
beyond which the presence of the weaker, lower clay layer has no effect on the 
footing's bearing capacity. Subsequent analysis of the results shown above will 
reveal that this limiting H/B value for SuJS,, 1=4.0 is approximately 1.87. 
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5.5.3 Interpretation of results 
The failure loads obtained from each of the strip footing analyses are presented 
in Figure 5-17. Several features common to each strength ratio curve can be 
observed that are illustrated in Figure 5-18 for the case of SujSul=3.0: 
As the upper layer thickness reduces to zero, the failure load reduces to 
that of a footing in a homogenous clay soil of strength S,,,. This failure load 
is termed On in Figure 5-18, where On = AN, Sul. 
For each strength ratio, the failure loads increase approximately linearly 
until a limiting failure load value is reached at some value of 1-1/13, which 
will be referred to as the H/Bu,, it shown in Figure 5-18. This limiting value 
corresponds to the failure load of a footing in a homogeneous clay soil of 
strength S, u termed Of,, in Figure 5-18, where Qfu = ANcSuu. As the data 
points in Figure 5-17 are linked by straight lines, the H/BUMit for each 
strength ratio is not clearly defined. As the increase in Of with upper layer 
thickness for 1-1/13<1-1/1311mit is approximately linear, the H/BUmit is determined 
by linear extrapolation of the adjacent failure loads, as shown in Figure 
5-18. 
25000 
Of (M) 
20000 
15000 
10000 
5000 
IT _ __ __ 
1T11 iii ILIT 117 E :: i 
- H + H __ __ 
! I I 1 j -. 
suu/sul 
7.0 
6.0 
5.0 
4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 1.0 1.5 2.0 2.5 00 
H/B 
0 4- 
0.0 
Figure 5-17 Vertical bearing capacities of strip footings on layered clays 
obtained from the present parametric study. 
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Of t 
Qfu " 
()fl - 
H/B 
H/BLimft 
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- 
___ I I E t 
__ _ 
Figure 5-18 Illustration of the key features of the curves in Figure 5-17 
corresponding to a strength ratio of 3.0 
The H/BUrnit is the maximum upper layer thickness at which the lower, weak layer 
influences the footing's vertical bearing capacity. The presence of the weak layer 
can thus be disregarded for upper layer thicknesses greater than the 
corresponding H/BUmit- It is important to note, however, that in practice the value 
of H will reduce as a footing penetrates into the soil. 
The data from the analyses performed here show that the H/BUMit is related to the 
layers' strength ratio by a quadratic curve, Eq. 5-9, shown in Figure 5-19. A 
relationship for the H/BUMit can also be deduced from Brown & Meyerhof's 
solution by using their stipulation that the modified bearing capacity coefficient, 
N,,.,, cannot exceed 2+7r. Brown & Meyerhof's resulting prediction of the H/BLImit is 
thus defined by Eq. 5-10, shown by the dotted curve in Figure 5-19. 
2 
(H / B)Lii, =a 
S 
. 1, +b +c Eq. 5-9 
(Sul) 
Where: a= -0.0274; b=0.4557; and c=0.4815 
(H / B)Ljj, =2+, 
T I_ S., Eq. 5-10 1.5 
( 
S,, 
) 
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3.5 
HIBLImit 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
Ec 5-10 i. 
Eq. 5-9 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 
S.. /Sll 
Figure 5-19 Comparison of the variation of the HIBLImit with the ratio of clay 
layer strengths, SuIlSul as determined from the present study (Eq. 5-9) and 
from the solution of Brown & Meyerhof (1969) (Eq. 5-10). 
The suite of bearing capacity curves shown in Figure 5-17 appear to be 
geometrically similar. By using a suitable non-dimensionalisation process the 
results should condense to form one distinct curve. Based on examination of the 
features in Figure 5-18, the data is non-climensionalised as follows: 
Each H/B value is divided by the corresponding H/BLirnit for that strength 
ratio, 
Each bearing capacity value is transformed into a parameter, Y, defined 
in Eq. 5-11 that relates the capacity to the value that would be obtained 
for an upper layer thickness of zero and infinity. 
Qf -Qfl Eq. 5-11 Qfil - Qfl 
When each Y is plotted against its corresponding (H/B)/(H/B) Limit as in Figure 
5-20, the points produce a consistent grouping that can be represented by a 
curve of best fit given by Eq. 5-12. 
H/ BLj,. i, 
Eq. 5-12 
Where a=O. 9 
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(H/B) / (H/13LImit) 
Figure 5-20 Normallsed plot of all failure loads obtained for strip footings 
from the parametric study. 
Using Eq. 5-11 and the definition of the H/Bumit, predictions of the failure loads 
obtained from the finite element analyses can be calculated within a small range 
of error. A comparison of the accuracy of these formulae and the method of 
Brown & Meyerhof (1969), presented in Table 5-10, reveals the significant 
improvement in prediction that is possible with the new approach. There is 
therefore value in extending the present study to include circular footings in order 
that the failure loads for spudcans can be more accurately determined. 
Maximum Maximum 
overestimation underestimation 
Method Mean error of Of of Of 
Eq. 5-11 and 1.4% 2.1% 6.9% 
. _Eq. 
5-12 
- I Brown and ý 12.5% 
I 
0.9% 25.4% Meyerhof 
Table 5-10 Comparison of errors In the predicted failure loads by Eq. 5-11 
and Eq. 5-12, and the method of Brown and Meyerhof (1969)., to the values 
obtained from the present finite element analyses. 
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5.6. RESULTS FOR CIRCULAR FOOTINGS 
The analyses reported in Section 5.5 for strip footings are repeated with only one 
modification to the run file - the specification of axi-symmetric rather than plane 
strain conditions. In every other respect the analyses were identical. 
5.6.1 Validation of results 
Before the parametric study commenced, analyses were performed to validate 
the assumption that a flat, circular footing would develop the same bearing 
capacity as a typical spudcan footing. 
A total of six analyses were undertaken using the spiked spudcan and circular 
footing meshes developed in Section 3.4 for the investigation of shape factors. 
The parameters adopted are detailed in Table 5-11, and were chosen to 
represent the most common spudcan shape, and stratigraphies with a high and 
low risk of punch-through failure. 
Run Geometry H/D Suu (kPa) Sul (kPa) 
1 Spiked 15011 0.5 60 30 
2 Flat circle 0.5 60 30 
3 Spiked 1500 0.5 150 30 
4 Flat circle 0.5 150 30 
5 Spiked 1500 1.0 150 30 
6 Flat circle 1.0 1 150 30 
Table 5-11 Model parameters chosen to check the suitability of 
representing spudcans by flat circular footings in punch-through analyses. 
The results obtained, as given in Table 5-12, show that the bearing capacities 
obtained using a flat, circular footing are within 2.6% of the conical footings. The 
assumption that spudcans can be modelled using flat, circular footings is 
therefore satisfactory. 
Run 1 2 3 4 5 6 
of (MN) 109 106 188 184 273 280 
Difference 2.4 2.0 -2.6 - 
compared 
to circle (%) I I II I I 
Table 5-12 Bearing capacities obtained from conical and flat,, circular 
footings In layered clays. 
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As an example, the mesh used in Run 1 is shown in Figure 5-21. 
H S,, =60kPa 
S, 1=30kPa 
Figure 5-21 Finite element mesh used in Run 1 (as described in Table 5-11). 
5.6.2 Results from finite element analyses 
The vertical bearing capacities deduced from the finite element analyses for 
circular footings (using the same range of upper layer thicknesses and strength 
ratios as investigated in Section 5.5) are detailed in Table 5-13. 
- rS,, (kPa) 30 45 60 75 go 105 120 150 180 210 
H (m) H/D 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0 6.0 7.0 
0 0.00 57.3 57.3 57.3 57.3 57.3 57.3 57.3 57.3 57.3 57.3 
2 0.10 57.3 64.6 70.1 74.5 78.2 81.6 84.7 90.2 95.2 99.7 
4 0.20 57.3 70.7 80.7 88.8 95.7 101.8 107.5 117.8 127.3 136.2 
5 0.25 57.3 73.5 85.6 95.4 103.5 110.8 117.6 130.0 141.6 152.7 
- - 6 0.30 57.3 75.9 90.2 101.6 111.0 119.4 127.1 141.4 154.9 i68 0 
8 0.40 57.3 80.5 98.7 113.1 125.0 135.4 145.1 163.1 180.7 197.8 
10 0.50 57.3 84.2 106.4 124.2 138.3 150.7 162.4 184.4 205.7 226.7 
- 15 0.75 57.3 85.9 114.6 143.2 165.7 186.0 203.2 235.5 266- .6 8 3 - 20 1.00 57.3 86.0 114.6 143.3 172.0 200.6 229.2 279.6 321.8 ý 641 
25 1.25 57.3 85.9 114.6 143.3 172.0 200.6 229.3 286.5 343.8 401.1 
30 1.50 57.3 85.9 114.6 143.3 172.0 200.6 229.3 286.6 344.0 401.3 
50 2.50 57.3 85.9 114.6 143.3 1 172.0 1 200.6 229.3 286.6 343.9 1401.2 
Infinity Infinity 57.3 85.9 114.5 143.2 1 171.8 1 230.5 229.1 286.4 343.6 1 400.2j 
Table 5-13 Vertical bearing capacities, Ot, in MN obtained from the present 
parametric study for circular footings on layered clays. 
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5.6.3 Observation of failure mechanisms 
As for the analyses of the strip footings, the vectors of incremental 
displacements, and the contours of absolute incremental displacements, at 
failure have been plotted, to give an insight into the mechanisms produced 
beneath the footing. These are presented in the figures on the following pages. 
By comparing the mechanisms found from the following figures to those in Figure 
5-13 to Figure 5-16, it is evident that the axi-symmetric geometry gives rise to 
more localised failure mechanisms, as was also observed in Section 3.4 for the 
case of footings on uniform soil. 
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A, 
suu/sul 1.0 
------------- - ------------- 
S,, u/S,, l 1.5 
---------- ------------- 
I K 
I ý- m l z 
Su. /Sul 2.0 Suu/Sul 2.5 
............ 
------------ - ----------- 
Suu/Sul 3.0 S,, u/Sul 4.0 
------------- 
............ 
Suu/Sul 5.0 Suu/Sw 6.0 
Figure 5-22 Vectors of incremental displacements at failure for HID = 0.5 
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Suu/Sul = 1.0 
7, _77 
ZZ= -- ----------------------- ------ 
Suu/Sul = 1.5 
----------------- 
Suu/Sul = 2.0 
--------- ------------------------ 
Suu/Sul = 2.5 
----------------- 
Suu/Sui = 3.0 
-A 
------------------ 
Suu/Sul = 4.0 
- ------------- 
Suu/Sui = 5.0 
-- ----------------- 
Suu/Sul = 6.0 
Figure 5-23 Contours of absolute Incremental displacement, at 
failure for HID = 0.5 
Contour A= 25% Of 8Wincr, B= 50% Of 8wincr, C= 75% Of 8Wincr, D= 99% Of 8wincr 
Where 8Wincr is the applied incremental vertical displacement of the footing at 
each loading increment. 
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WPF - -- -------- - ------- 
H/D 0.0 H/D 0.25 
-- - ------------------------ 
H/D 0.5 H/D 0.75 
ý Z:::. -: -- --. 
---------- ------------------------------ 
H/D 1.0 H/D 1.5 
Ah, Ab., 
WF 
------------------------------------- H/D = 2.5 
OAPF 
H/D Infinity 
Figure 5-24 Vectors of incremental displacements at failure for S,, JSu, = 4.0 
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H/D = 0.0 
-- - ---- - ---- - ------ - ----- 
H/D = 0.25 
----------------- 
H/D 0.5 
-- --------------------------------- 
H/D 0.75 
H/B 1.0 
--------- - ------------- - -------- --- 
H/B = 1.5 
----------------------------------- 
H/B = 2.5 H/B = Infinity 
Figure 5-25 Contours of absolute Incremental displacement, at 
failure for SuLlSul = 4.0 
Contour A= 25% of 8wincr, B= 50% of 8wincr, C= 75% Of 8Wincr, D= 99% Of 8Wincr 
Where 3wincr is the applied incremental vertical displacement of the footing at 
each loading increment. 
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Fixed HID ratio, &&j varied 
The vectors of incremental displacement at failure shown in Figure 5-22 for the 
case of uniform soil strength conditions (SudSul=1.0) show that a conventional 
failure mechanism for a rough circular footing is developed with soil 
displacements diminishing rapidly to zero within a radial distance of less than 1/21D 
from the footing's edge. 
As the undrained strength ratio between the two layers is increased to 1.5, the 
rigid conical block below the footing, shown in Figure 5-23, is elongated 
downwards towards the weaker layer. At a SujSuj ratio of 2.0, the rigid cone of 
material extends further downwards to include material in the lower layer. Here 
there is almost no lateral soil displacement around the footing and relatively little 
surface heave. For subsequently stronger upper layers, the mechanism remains 
largely unchanged as an inverted truncated cone that punches through the upper 
strong layer into the lower clay in which a bearing capacity mechanism is formed. 
It is possible to compare the incremental displacements at failure with those 
obtained from a recent centrifuge study - Hossain et al. (2005b) - in which the 
punch-through capacity of spudcans in layered clays is investigated for a single 
SujSul ratio of 2.3 and various upper layer thicknesses. By using a half-spudcan 
pressed against a Perspex window in the centrifuge, the soil displacements 
during penetration were obtained by the use of particle image velocimetry (refer 
to White et al. 2005). Figure 5-26 compares the vectors of incremental 
displacement (termed 'instantaneous soil velocities' by Hossain et al., 2005b) 
obtained for the case of H/D=0.65, where the spudcan had already penetrated 
Z/D=0.2 into the soil. The actual H/D ratio is assumed to be approximately 0.5 for 
the purposes of comparison with the data presented in Figure 5-22 and Figure 
5-23. 
Several general features are evident in both the finite element analyses and 
centrifuge model tests: an inverted truncated cone of soil beneath the spudcan 
punches into the softer clay, there is relatively little lateral soil movement in the 
upper layer, and the vertical soil displacements along the elevation 
corresponding to the spudcan's maximum radius are localised next to the 
spudcan due to the axi-symmetric geometry. 
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Hossain et al. 
Suu/Sul 2.0 (2005b) S,,,, /S, 1=2.3 
Suu/Sul 2.5 
lip 
0 ---------------- 
Hossain et al. 
Suu/Sul 2.0 (2005b) S,, /S, 1=2.3 Su, /Sul 2.5 
F igure 5-26 Comparison of the incremental displacements at failure 
obtained from the finite element analyses and those for ZID=0.2 by Hossain 
et A (2005b). 
Fixed S, LS,, I, HID varied 
With respect to the vectors of incremental displacement presented in Figure 5-24, 
a punch-through mechanism can be seen to develop for H/D values up to 1 . 0. for 
a strength ratio, S,, /S, I, of 4.0. As the upper layer thickness increases, the rigid 
conical block of material beneath the footing evident in Figure 5-25 extends 
vertically with the same cone angle, in conjunction with a bearing capacity 
mechanism in the lower clay layer. At H/D=1.0 the mechanism has receded back 
towards the footing, and at H/D values greater than some value between 1 .0 and 
1.5, a conventional bearing capacity failure occurs purely within the upper clay 
layer, indicating the lower clay layer no longer influences the footing's bearing 
capacity. Interpretation of the failure loads, detailed in Section 5.6.4, reveals this 
limiting H/D value to be 1.05. 
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5.6.4 Interpretation of results 
The bearing capacities presented in Table 5-13 can again be converted into 
modified bearing capacity coefficients, Nc* (=Qf/ASuu as in Eq. 5-8), for 
comparison with the results of Brown & Meyerhof (1969). The values obtained 
are listed in Table 5-14 and include the shape factor sc. 
S,, (kPa) 30 45 60 75 90 105 120 150 180 210 
S.. /S., 
H (m) H/D 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0 6.0 7.0 
0 0.00 6.08 4.05 3.04 2.43 2.03 1.74 1.52 1.22 1.01 0.87 
2 0.10 6.08 4.57 3.72 3.16 2.77 2.47 2.25 1.91 1.68 1.51 
4 0.20 6.08 5.00 4.28 3.77 3.38 3.09 2.85 2.50 2.25 2.06 
5 0.25 6.08 5.20 4.54 4.05 3.66 3.36 3.12 2.76 2.50 2.31 
6 0.30 6.08 5.37 4.79 4.31 3.93 3.62 3.37 3.00 2.74 1 2.55 
8 0.40 6.08 5.70 5.24 4.80 4.42 4.11 3.85 3.46 3.19 3.00 
10 0.50 6.08 5.96 5.64 5.27 4.89 4.57 4.31 3.91 3.64 3AT 
15 0.75 6.08 6.08 6.08 6.08 5.86 5.64 5.39 5.00 4.71 4.52 
20 1.00 6.08 6.08 6.08 6.08 6.08 6.08 6.08 5.93 5.69 5.52 
25 1.25 6.08 6.08 6.08 6.08 6.08 6.08 6.08 6.08 6.08 6.08 
30 1.50 6.08 6.07 6.08 6.08 6.08 6.08 6.08 6.08 6.08 6.08 
50 
- - 
2.50 6.08 6.07 6.08 6.08 6.08 6.08 6.08 6.08 6.08 6. 
rl n fin ity Infinity 6.08 6.08 6.08 6.08 1 6.0ý ý 6.08 6.08 6.08 
Table 5-14 Modified bearing capacity coefficients, Nc* corresponding to the 
data presented in Table 5-13. 
When the values from Table 5-13 are plotted, as in Figure 5-27, the results are 
analogous to those seen in Figure 5-17 for strip footings. The bearing capacity 
increases from a value equal to sNcASul at zero upper layer thickness, until it 
reaches a maximum, equal to scNcASuu. The curves for different strength ratios 
are geometrically similar in shape, and an H/Dumit is again evident in each case. 
The results for circular footings therefore lend themselves to the same form of 
analysis as was used for the data obtained for strip footings in Section 5.5-3. 
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Figure 5-27 Vertical bearing capacities obtained for circular footings in 
layered clays from the present finite element analyses. 
Due to the geometry of the curves in Figure 5-27, the H/DLIMit for each strength 
ratio is defined by using a number of the data points in the sloping part of the 
curve to construct a polynomial function whose gradient is zero when its Of value 
equals Qfu, as illustrated in Figure 5-28. The value of H/D at the stationary point is 
therefore the corresponding H/Dumit for that strength ratio. 
Of 
Of6 
spline 
H/DL[Mit H/D 
Figure 5-28 Method of defining the HIDLImit for circular footings. 
The H/DLIMit values from the numerical analyses can be related to the ratio of the 
layers' undrained strengths by the quadratic function given in Eq. 5-13. The 
equivalent H/DLIMit values deduced from Brown & Meyerhof's equation for Nmc 
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(Eq. 5-14) can be calculated using Eq. 5-15 and are shown alongside the those 
given by Eq. 5-13 in Figure 5-29. 
.1 f)+C 
(H / D)Limil = a(ý; -") + b(!; "1-1 Eq. 5-13 
Where: a= -0.0 187; b=0.2792; and c=0.1869 
N. 
C =3 
H 
+6.05 
s 
"' 
D S. Eq. 5-14 
Where: Nc: 56.05 
H/ DLi j, = 
6.05 
1 su, Eq. 5-15 3 -Tu. 
) 
2.0 
1.6 
1.2 
H/Dli,, It 
0.8 
0.4 
0.0 
Brown & Meyerhof 
(Eq. 5-15) 
E q. 5-13 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 
suu/sul 
Figure 5-29 The relationship between the HIDLImit and the ratio of the clay 
layers' strengths as determined from the present study (Eq. 5-13) and from 
the solution of Brown & Meyerhof (1969). 
The results of the finite element analyses are converted into Y values and the 
H/D values divided by the corresponding H/DUMit, to produce a clearly defined, 
non-dimensionalised curve as shown in Figure 5-30. The curve of best fit, shown 
by the solid curve, can be applied defined by Eq. 5-16. 
HID - 
H/ DDnit 
Where: a=0.77 
Eq. 5-16 
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Figure 5-30 Normalised plot of all bearing capacities found for circular 
footings in layered clay from the present parametric study. 
5.6.5 Comparison of results to SNAME (2002) 
In order to ascertain the accuracy of predictions from Eq. 5-13 and Eq. 5-16, and 
the method of Brown & Meyerhof, the calculated failure loads are compared to 
the results of the finite element analyses given in Table 5-13. A summary of the 
errors in the predictions of the two methods is given in Table 5-15. The greatest 
errors using the method of Brown & Meyerhof occurred for the cases with higher 
strength ratios - i. e. the situations that present the greatest risk of punch-through 
failure. As alluded to in Section 5.3.1, a significant underestimation of bearing 
capacity for these soil conditions could result in a punch-through event that is 
worse than expected. The results obtained using Eq. 5-13 and Eq. 5-16 have a 
similar pattern of errors to Brown & Meyerhof, but are of significantly lower 
magnitude. The improved accuracy is expected as the formulae's parameters are 
defined based on curve fitting to the data from the finite element analyses. 
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Maximum Maximum 
Overestimation Underestimation 
Method Mean error Of Of of at 
Eq. 5-13 and 2.3% 0.03% 5.9% Eq. 5-16 
Brown an 
r 
Meyerhof 14.8% 0.00% 31.2% 
Table 5-15 Comparison of the accuracy of Eq. 5-13 and Eq. 5-16 and the 
method of Brown & Meyerhof (1969) in predicting the failure loads obtained 
for circular footings from the finite element analyses. 
5.6.6 Proposed new design method 
The validation of the methodology used here against the upper and lower bound 
solutions of Merifield & Sloan (1999), coupled with the quality of predictions using 
Eq. 5-13 and Eq. 5-16 shown in Table 5-15 to represent the bearing capacities 
obtained from the finite element analyses, have given confidence to the ability of 
the above equations to accurately determine the bearing capacity of circular 
footings in the upper layer of a strong overlying weak clay layered stratigraphy. 
The bearing capacity in the lower, weaker clay can be determined using the 
standard bearing capacity equation, Eq. 3-2. 
The following procedure for calculating the appropriate bearing capacity under 
vertical loading, suitable for design purposes, is hence proposed and distilled into 
a single relationship in Eq. 5-17. 
1) Ascertain the thickness of the upper layer, H 
2) Calculate the H/D ratio using the spudcan's diameter, D. 
3) Deduce representative undrained strengths for the upper and lower layers 
from relevant site investigation data. 
4) Calculate Ofu (=As, N,. Suu) 
5) Calculate Of, (=AscNcSul) 
6) Calculate the strength ratio, Suu/Sul 
7) Calculate the H/Dumit using Eq. 5-13 
8) Calculate (H/D)/(H/Dumit) 
9) Calculate Y using Eq. 5-16 
10) Re-arrange Eq. 5-11 to find Qf (=r(Ofu-Qfl)+Qn) 
11) Calculate Of 
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In order to calculate a bearing capacity profile for a spudcan's penetration, 
consideration should be given to the use of a depth factor and also to the 
additional bearing capacity due to any overburden contributions. Care should 
also be taken, in the case of multiple weak layers, that the most critical weak 
layer is used for the computation of the bearing capacity profile. 
The above procedure can be represented by a single expression, Eq. 5-17: 
a 
H 
Qf = sNA D S., uI+ Sul Eq. 5-17 
a( 
Suu 
2+ 
b(A; -u-) +c!;. 
d 
S. 
1) .I 
Where: 
sc = 1.185 for rough conical footings with a cone angle greater than 1200(refer to 
Section 3.4). 
Ne = 2+7r = 5.14 
A plan area of spudcan = 1/470 2 
H vertical thickness of the upper layer from the spudcan to the strong/weak 
interface (m). 
D= spudcan diameter 
Suu undrained shear strength of the strong upper layer 
Sul undrained shear strength of the weak lower layer 
a= -0.0187 
b=0.2792 
c=0.1869 
a=0.77 
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5.7. COMPARISON WITH CASE HISTORIES 
As noted previously in Section 5.1, published case histories of punch-through 
events are rare due to the perceived commercial sensitivity of such incidents by 
oil companies. Despite this obstacle, several detailed records of punch-through 
events have been retrieved from a combination of literature review and with 
industry support, as detailed in Table 5-16. For the purposes of comparing the 
results obtained in the previous Sections with field data available in the literature, 
there are six incidents of punch-throughs occurring in layered clays. As will be 
shown in the following Sub-Section, only one of these has sufficient data for a 
meaningful comparison to be made with the proposed new design equation, Eq. 
5-17. 
Number of Leg Penetration Site Investigation 
Authors Case Histories Data Data 
Ahrendsen et al. (1989) 
2x Clay-Clay 
None Yes 
Ix Sand-Clay 
Baglioni, V. et al. 4x Sand-Clay No Yes for all 4 cases (1982) 
Fujii, T. et al. (1989) 2x Sand-Clay 
Yes for both 
Yes for both cases 
cases 
Young, A. et al. (11984) 3x Clay-Clay 
Some data for all Yes for all 3 cases 3 cases 
Site A* Clay-Clay Yes AMC! ý'. # 
Site B* Sand-Clay Yes Yes 
Site C* Sand-Clay No Stratigraphy only 
Site D* 
Cemented Shell 
No Stratigraphy only Layer 
Site E* 
Cemented 
No Yes 
Layer 
* Data supplied by Noble Denton Consultants, Ltd. 
Table 5-16 Details of available field data for punch-through events. 
5.7.1 Ahrendsen et al. (1989) 
Unfortunately calibrations cannot be undertaken using the data presented in this 
paper, as the spudcans' diameter was not reported. The bearing capacities were 
reported as bearing loads, but in order to use any design formula to predict 
these, the spudcan's diameter isrequired. Spudcans used on older platforms, 
Section 5 
Page 208 
D. H. Edwards (2007) - NumericalAnalysis of Spudcan Foundations 
such as those in Ahrendsen et al's study, can have diameters in the range of 5 to 
20m, thus preventing any best-estimate from being made in order to proceed. 
It is interesting to note, however, that Ahrendsen et al. found historically 
desiccated layers in the seabed sediments of the Gulf of Mexico, suggesting that 
they are not only confined to the South-East Asia region. 
5.7.2 Young et al. (1984) 
Young et al. report three case histories, however only the first two cases will be 
described here as the third case refers to thixotropic clays and contains 
insufficient data for a reliable assessment. 
Case 1: Java Sea 
A platform with 3 independently-control led legs was installed at this site with 
shallow conical spudcans with a central tip spike, typical of a modern platform. 
The maximum plan area (1 O9M2) occurs 2.75m above the tip of the spudcan. 
The soil strength profile is as indicated in Table 5-17 below, and presented 
graphically in Figure 5-31 a. 
S Soil oil ropertles 
Depth (m) Description Su (kPa) 
0.0-0.9 Very soft CLAY 9 
0.9-3.0 Not 110 
3.0-4.9 
Firm to very stiff 
CLAY 
indicated 110-47 
4.9-9.0 47-28 
Table 5-17 Soll parameters at the Java Sea location reported In Young et al. 
(1984) 
There are a number of ambiguities associated with this case history: 
1. The authors of the paper report that none of the legs experienced a rapid, 
uncontrolled penetration, contrary to the appearance of the data in the 
bearing capacity profile that they present, reproduced in Figure 5-31 a. 
2. It is unclear why the starboard leg has penetrated 4.6m under 36MN of 
load, and continued to 5.8m with only 29MN of load. This would suggest 
that the leg had indeed punched through the upper layer, with the 
submergence of the hull reducing the load on the leg. 
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3. The bearing capacity and undrained strength profile plots presented in the 
original work offer some confusion with respect to depth values. The 
bearing capacity profile is plotted against the spudcan's tip penetration, 
however the plot is displayed as if to compare with the soil strength data 
which appears to be plotted against the depth below the seafloor, 
introducing an offset of 2.8m. 
4. The rate of reduction of bearing capacity with depth due to the decreasing 
undrained strength profile for tip penetrations greater than 8m, is greater 
than the rate of increase in bearing capacity due to overburden 
contributions. This suggests that a footing present at a tip penetration 
greater than 8m would to continue to penetrate until stronger soil is 
encountered in order to become stable. 
In order to obtain the bearing capacity slope suggested by the bow leg 
data, the effective bulk weight, y', for open hole conditions above the 
spudcan, would have to 35kN/M3 which is clearly unrealistic. The only 
explanation for this anomaly is could be the presence of an underlying 
strong layer at a depth greater than 9m, not shown in the site investigation 
data that would increase the bearing capacity available for a spudcan at 
that depth. 
0 
1 
2 
3 
4 
5 
CL 
6 
7 
8 
9 
10 
a) 
Su (kPa) 
0 50 100 ISO 
b) 
0 
2 
3 
E4 
Cs 
.2 6 
7 
a- 8 
9 
10 
Bearing Load (MN) 
0 10 20 30 40 50 60 
ui --Cý Starboard -6-- Port -0- Bow 
Figure 5-31a) Site investigation data and b) footing capacity profiles 
measured at the Java Sea Location. 
The lack of correspondence between the soil strength profile provided and the 
measured bearing capacity profiles presented preclude a meaningful comparison 
with the proposed new design method and suggests there may be some 
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discrepancies in the input data. The crust layer's strength may have been 
degraded by the spudcan's penetration causing the low bearing capacities 
observed in the upper layer, however the soil strength profile provided does not 
imply the spudcans should be stable at a penetration of 6m. It is similarly 
counterintuitive that the bearing capacity should increase for tip penetrations in 
the range of 4- 4-5m as the strong layer's thickness would be reducing. 
Case 2: Gulf of Mexico 
The second case history presented by Young et al. is not actually a case history 
of a punch-through failure. As reported, the platform did not experience a rapid 
penetration event. This may be due to several factors: 
1. Referring to Figure 5-33, the spudcan's geometry is much sharper and 
taller than a typical modern spudcan. 
2. The lower bound soil profile (shown in Figure 5-32) does not show any 
sign of a strong layer being present. 
3. The upper bound soil profile shows a strong layer of material between 2 
and 6m depth. The size (approx. 1 Om diameter) and shape of the 
spudcan, may have enabled a relatively smooth penetration of the strong 
crust, avoiding a punch-through. 
4. The rig operator apparently took very careful measures including 
maintaining a small air gap between the hull and the water surface in 
order to prevent the platform from dropping far. 
0 
, 'o i t 
IQ 
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12.5m 
6.1 m 
lý», p, ewd sh.. si-cm kp. 
Figure 5-32 Soil profile at the 
Gulf of Mexico location 
Figure 5-33 Spudcan geometry of 
the platform in the Gulf of Mexico, 
from Young et al. (1984) 
Due to the spudcan shape being far sharper than those modelled in the above 
finite element study, a comparison was thus not made. 
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5.7.3 Site A: South China Sea 
In 2001 a three-legged jack-up platform, shown in Figure 5-34 and Figure 5-35, 
experienced a rapid penetration event during preloading operations in the South 
China Sea. 
Whilst holding its full preload of 4,340 tonnes, the starboard leg plunged 2.5m 
from its initial penetration of 15.8m to 18.3m. The spudcans, whose geometry is 
evident from Figure 5-35, have an equivalent circular plan area of 107M2. 
Figure 5-34 Photograph of the jack-up platform present at Site A at a 
previous location. 
Figure 5-35 Elevation drawing of the jack-up platform present at Site A. 
Section 5 
Page 212 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
Two sets of site investigation data are available for the back analysis: Borehole 1 
was situated 45m from the platform's location, whilst Borehole 2, conducted after 
the incident, was situated 24m from the platform. The interpreted soil properties 
from the above investigations are detailed in Table 5-18 and Table 5-19. Note 
that the soil strengths linked with hyphens refer to the soil strengths at the top 
and base of the relevant stratum, i. e. 25 - 45 signifies a clay layer with a strength 
of 25kPa at its top, increasing to 45kPa at its base. 
Soil Propert i es 
Depth (m) Description Y (kN/m') 
Lower Bound 
S,, (kPa) 
Upper Bound 
Su (kPa) 
0.0-8.0 Very soft CLAY 6 0-10 0-10 
8.0-15.6 Soft to firm CLAY 7 25-45 35-65 
15.6-17.0 Firm to soft CLAY 7 45-30 65-50 
170-20.0 Soft to firm CLAY 7 30 50 
20.0-26.5 Stiff to firm CLAY 9 100-60 120-80 
26.5-30.0 1 Firm to stiff CLAY 9 60-75 1 
80-95 
Table 5-18 Site investigation data from Borehole 1. 
Soil Properti es 
Depth (m) Description Y (kN/m') 
Lower Bound 
S, (kPa) 
Upper Bound 
Su (kPa) 
0.0-7.5 Very soft CLAY 6 0-10 0-10 
7.5-15.5 Soft to firm CLAY 7 25-40 50-55 
15.5-16.5 Firm to soft CLAY 7 40-20 55-35 
16.5-19.6 Soft to firm CLAY 7 20-30 35-55 
19.6-21.0 Firm to very stiff CLAY 10 30-180 55-240 
21.0-27.0 Very stiff to firm CLAY 9 180-60 240-90 
27.0-30.0 Firm to stiff CLAY 9 60 90 
Table 5-19 Site investigation data from Borehole 2. 
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Both site investigations exhibit layers of stronger clay overlying weaker clay, 
hence the possibility of punch-through failure should be considered. The bearing 
capacity profiles were calculated using the proposed methodology (Eq. 5-17) for 
four possible interpretations (as described below) of the soil parameters given in 
the tables above, and are shown in Figure 5-36. 
Lower Bound - The lowest soil strength values suggested from the site 
investigation data are used throughout the whole soil profile. 
Upper Bound - The highest soil strength values suggested from the site 
investigation data are used throughout the whole soil profile. 
Highest Punch-through Risk - The highest soil strength values are used in the 
stronger layers, and the lowest soil strength values are used in the weaker 
layers. This maximises the layer strength ratio, Su, /Sul. 
Lowest Punch-through Risk - The lowest soils strength values are used in the 
stronger layers, and the highest soil strength values are used in the weaker 
layers, thus minimising the layer strength ratios. 
Assumptions made in the calculation of the bearing capacities include: 
e The spudcan can be modelled as an equivalent circular footing of 
diameter 11.7m. 
* The depth used in calculations refers to the elevation of the spudcan's 
maximum diameter. 
Full back-flow of the soft, superficial soil occurs above the spudcan with 
an effective bulk density, Y=6kN/M3, thus reducing the overburden 
contribution to the bearing capacity. 
The depth factors for open bore conditions (presented in Figure 3-45) are 
applied to Eq. 5-17, thus assuming any back-flow material was 
significantly remoulded. 
The bearing capacity has not been calculated ignored for tip penetrations 
less than that required for the full spudcan diameter to be in contact with 
the soil (i. e. for Z<2.3m). 
For strata whose strength increased with depth, the undrained strength 
corresponding to the elevation of maximum diameter was used (i. e. the 
strength was not averaged over some proportion of the diameter's depth 
below the spudcan) 
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Calculations based on data from Borehole 1: 
Bearing Load (Ionnes) 
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Calculations based on data from Borehole 2: 
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Figure 5-36 Bearing capacity profiles calculated based on soil parameters 
from both site investigations. 
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Observations of the capacities based on data from Borehole 1: 
0 With the exception of the curve adopting the parameters that pose the 
least punch-through risk, all curves suggest a punch-through occurring at 
a tip penetration of between 15 and 18m, at preloads in the range of 3750 
- 5750 tonnes. 
0 Individually, none of the curves accurately represent what actually 
occurred. 
When viewed as a group, the zone in which punch-through would seem to 
be likely is both precise and accurate compared to the actual incident, Le. 
the range is relatively small and the centre of the box is close to the load 
and penetration of the actual event. 
Observations of the capacities based on data from Borehole 2: 
Borehole 2 was located nearer to the actual platform location, so should be more 
representative of the geotechnical conditions encountered. 
All curves suggest a punch-through occurring at a tip penetration of 
between 10.3 and 17.3m, at preloads in the range of 3000 - 5000 tonnes. 
0 The least risk parameters gave a bearing capacity profile most similar to 
that encountered in the field. 
9 The zone where the punch-through is expected to occur is less precise 
than for Borehole 1, but is still reasonably accurate. 
Overall, the zone of expected rapid penetration from Borehole 1's data is a 
subset of that found using Borehole 2's data. This suggests that the region of risk 
concluded from Borehole 1 is most likely, and in actuality is correct. 
This case history's data is the most comprehensive of the case histories 
presented here, hence represents the best example of the practical use of the 
new formulation based on the finite element analyses performed in Section 5.6. 
The comparison has shown the new formulation to give a reasonable indication 
of the zone of punch-through risk. The overall literature review, however, has 
highlighted the difficulty of obtaining sufficient details from published works in 
order to make useful validations of the proposed bearing capacity formulation. As 
and when more case histories are documented in the future, it is hoped that 
further comparisons can be undertaken. 
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5.8. LARGE DISPLACEMENT ANALYSIS OF PUNCH-THROUGH 
FAILURE 
In addition to the work presented here, analyses of the punch-through bearing 
capacity of foundations have been attempted using the updated Lagrangian, 
large displacement method available within ICFEP. Unfortunately difficulties 
encountered with excessive element distortions and indelible tensile stresses - 
(which defied all attempts available to the Author to be removed from the soil 
body) have prevented the achievement of consistent, satisfactory results. 
Bearing capacity studies, such as Hu & Randolph (1998), Lu et al. (2004) and 
Wang & Carter (2002), have avoided the complication of element distortions by 
adopting a form of the Arbitrary Lagrangian-Eulerian (ALE) solution technique in 
which regular adaptive remeshing is undertaken in order to maintain satisfactory 
elemental geometries. The results of Wang & Carter (2002), however, imply that 
tensile stresses develop during their analyses, significantly influencing the results 
that they have obtained. For this reason, coupled with the limited number of 
analyses undertaken in their study, a comparison of the results they have 
obtained has not been made here. 
In contrast, the back-flow illustrated in Hu & Randolph (1998) would suggest that 
their methodology does not suffer from this deficiency. 
It is hoped that the future implementation of an ALE scheme into ICFEP will allow 
a further comprehensive study of the punch-through problem considering large 
displacements. 
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5.9. SUMMARY 
Punch-through failures in layered clays are a significant hazard to current 
jack-up operations around the world, especially in South East Asia. 
9A critical review of the existing recommended methods of analyses has 
been made which highlights their significant inaccuracy when compared 
to the upper and lower bounds of Merifield & Sloan (1999). 
*A series of finite element analyses has been undertaken in which the ratio 
of the stronger, upper clay layer to the underlying clay has been varied, 
along with its thickness relative to a footing's diameter. 
The results of analyses modelling strip footings in layered clays have 
been compared to the above solutions of Merifield and Sloan and are 
found to lie practically midway between their bounds for a rigorous 
solution. 
* The behaviour of circular footings is qualitatively similar to that for strip 
footings. The pattern of soil displacements at failure beneath the spudcan 
share general features with those obtained by Hossain et al. (2005b), 
adding further confidence to the present study. 
e The failure loads obtained from the present finite element analyses have 
been used as the basis for a new predictive equation for bearing capacity 
in layered clays that is directly suitable for use in design. 
This new method has been compared to the bearing capacities reported 
from available records of actual jack-up platform installations. 
The comparison made for a detailed case history (Site A), has 
demonstrated the method's ability to accurately predict a range of bearing 
loads and spudcan tip penetrations at which punch-through could be 
expected. 
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in making the above comparisons the importance of correctly identifying 
soil parameters has been highlighted in order to obtain 'lower and upper 
bound' solutions, as well as bearing capacity profiles representing the 
least and highest punch-through risks. 
0 There is a strong requirement for full-scale data in order to further validate 
the presently proposed formulae. 
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6. 
COMBINED LOADING OF STRIP FOOTINGS 
6.1. INTRODUCTION 
The work contained within this Section is essentially a validation stage en-route 
to investigating the bearing capacity of spudcan foundations under combined 
loading. 
A single combined loading analysis of an axi-symmetric spudcan typically 
requires 12 hours to complete. It is therefore more expedient to explore and 
develop the analysis procedure and the method of interpreting results by first 
considering plane strain conditions, which typically require only 3 hours per 
analysis. The final, successful methodology from this work is then adapted to axi- 
symmetric footings, as detailed in Section 7. 
The investigation of the combined bearing capacity envelope for strip footings is 
also an inherently useful exercise, permitting meaningful comparisons with the 
results of other researchers. This has proved the software used in this study to 
be capable of providing robust solutions for combined loading boundary value 
problems. 
The outcomes from this chapter are bearing capacity envelopes for strip footings 
under combined vertical-horizontal-moment loading including the effects of soil- 
footing adhesion. 
Relations of best-fit to the data obtained from the finite element analyses are 
developed that are suitable for use as design equations. 
6.2. METHODOLOGY 
6.2.1 Notation 
The nomenclatures adopted here for combined loading in the vertical, horizontal 
and moment directions (shown in Figure 6-1a) are termed Ov, QH and Om 
respectively for consistency with the current SNAME (2002) design code. 
The notation Om is, however, noted as being incompatible as it is not a load (as 
referred to in the code) but a moment. For clarification, the units of Om in both the 
design code and this thesis are kNm. All loads and capacities reported in this 
particular Section are for strip footings, and as such the units are kN/m per metre 
run for forces and kNm/m run for moments. 
Section 6 
Page 220 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
The displacement notations used in this study (shown in Figure 6-1 b) are those 
proposed by Butterfield et al. (1997) as the taxonomy adopted in the SNAME 
code, namely6h, 8, and 6,,, could be confused with the notation of other authors 
such as in Butterfield et al. (1997) or Gourvenec & Randolph (2003a). 
QM 
QH 71 
ov 
Figure 6-1 Load (a) and displacement (b) parameter definitions as used in 
this thesis. Figure adapted from Butterfield et al. (1997). 
The vertical, horizontal and moment bearing capacities are named in a similar 
fashion to the SNAME (2002) recommended practice. Note that '0' refers to the 
applied load and F refers to the ultimate capacity. 
F, The bearing capacity under purely vertical loading 
FH The bearing capacity under purely horizontal loading 
Fm The bearing capacity under purely moment loading 
FVH The vertical bearing capacity in combination with horizontal loading 
Fvm The vertical bearing capacity in combination with moment loading 
FHM The horizontal bearing capacity in combination with moment loading 
FMH The moment bearing capacity in combination with horizontal loading 
FVHM 
The vertical bearing capacity in combination with horizontal and 
moment loading 
FHVM 
The horizontal bearing capacity in combination with vertical and 
moment loading 
FMVH 
The moment bearing capacity in combination with vertical and 
horizontal loading 
Table 6-1 Notation used for combined bearing capacity terms adopted in 
this thesis. 
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The first subscript letter therefore denotes the direction of the capacity being 
described, whilst subsequent subscripts refer to any other loading that is also 
present. i. e. FMH is the bearing capacity with respect to moment loading for a 
footing that is also being subjected to horizontal loading but without any vertical 
load. 
6.2.2 Geometry and mesh design 
The objective of the following analyses is to investigate the behaviour of strip 
footings rather than that of an equivalent plane-strain representation of a 
spudcan's geometry. The geometry of the footing is therefore a rectangular 
footing in elevation, as shown in Figure 6-2. As both horizontal and moment 
loads will be applied in the analyses, the problem no longer possesses planar 
symmetry about the footing's centreline, thus the full width of the footing and 
corresponding soil domain is modelled in each analysis, as shown in Figure 6-3. 
In order to apply the combined loading using a load-controlled approach, the 
footing is itself modelled in the analyses as being practically rigid. This is in 
contrast to the previous analyses for purely vertical loading, using displacement- 
controlled analyses, where the footing could be modelled using boundary 
conditions as described in Section 2.3. 
It is anticipated that the failure mechanism for the footing under any combined 
horizontal-moment loading will be a combination of sliding or footing rotation, as 
illustrated in Figure 6-2. The mesh is correspondingly designed such that the 
element sizes are refined in the zone immediately beneath the footing, and also 
in the region beneath the footing to a depth of at least the footing's width, as 
these are the zones in which the highest stress and strain gradients are 
anticipated. 
FH Fm 
unz*.. 
......... ; ýf , um, 
Figure 6-2 Illustration of the failure mechanisms of a strip footing under 
purely horizontal and moment loading. 
The final mesh, shown in Figure 6-3, contains 1518 elements. The height of the 
elements immediately beneath the footing are 162, th of the footing width. For the 
analyses where footing adhesion is not permitted, interface elements, of the type 
described in Section 2.1, are applied to the underside of the footing, such that 
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soil-footing separation may occur should tensile total stresses occur between the 
footing and soil. 
The footing is modelled as being perfectly rough, as is the base of the whole 
mesh. Normal displacements are prevented along the side and base boundaries, 
as described in Section 2.3. 
.*B 0ý 
5B 
15B 
Detail of mesh within dashed box: Footing 
Figure 6-3 Finite element mesh used in the small-displacement analyses of 
combined loading of strip footings. 
6.2.3 Preloading 
As previously described in Section 1, the spudcans of jack-up platforms are 
preloaded during the platform's installation at a site. 
The preloading procedure is incorporated into the present study in order to 
investigate the ultimate bearing capacity under combined loading at various 
vertical load levels. As described in the proceeding Sub-Section, this will enable 
the complete bearing capacity envelope to be deduced. 
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The preloading is achieved by applying increments of vertical downwards 
displacement to the strip footing, using the same procedure as for determining Nc 
in Section 3.3. For small-displacement analyses the mesh is assumed to remain 
unchanged for the purposes of calculating the stress and strain changes in the 
soil. Thus there will be no increase in bearing capacity with depth due to depth 
factor effects or the effects of overburden. The load-displacement response is 
therefore of the form described in Section 4.3, and is shown in Figure 6-4. 
Ov (MN) 
0123 
0.0 
0.1 
0.2 
0.3 
0.4 
w (M) 
0.5 
,a 
Figure 6-4 Load-penetration profile for a strip footing during preloading. 
Following preload penetration using displacement-control, the footings are 
unloaded to various Qv/Fv ratios. As noted in Section 1, the most common ratio 
of Ov/Fv for preloading is approximately 0.5. The unloading stage was undertaken 
for both small and large-displacement analyses using load control, with 1% of Fv 
being applied in each increment. As the soil is elastic-perfectly plastic, this 
unloading stage is elastic, permitting the calculation of the footing's elastic 
vertical stiffness parameter, g, (= wEjQv from Eq. 4-2). This was found to be 
0.958 in broad agreement with the values of 0.967 predicted by Eq. 4-17 in 
Section 4.4.3. 
The resulting normalised load-displacement curve for the whole preloading 
procedure is shown in Figure 6-5 below. The terms Fv and wc) refer to the vertical 
load and footing penetration at maximum preload. 
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Qv/Fv 
0.0 0.2 0.4 0.6 0.8 1.0 
0.0 
0.2 
0.4 
W/wo 
0.6 
0.8 
1.0 
Figure 6-5 Normalised load-penetration profile for a strip footing during 
preloading and unloading. 
6.2.4 Techniques for obtaining bearing capacity envelopes 
It has historically been assumed that the combined loading failure envelope for a 
surface foundation is of a convex quadric form, or 'rugby ball' shape, as shown in 
Figure 6-6. The general shape was originally proposed by Butterfield & Ticof 
(1979) for the bearing capacity envelope of dry sand based on single-gravity 
model tests. This general form has also been shown by Martin (1994) to hold for 
dural model footings on clay where soil-spudcan adhesion was not always 
observed (i. e. separation occurred on the underside of the footing). 
Figure 6-6 Ellipsoidal representation of the bearing capacity envelope for a 
surtace footing on sand, adapted from Gottardi et al. (1999). 
The three methods that are generally employed to evaluate the exact shape and 
position of the failure envelope are briefly described below with reference to an 
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ellipsoidal envelope, as illustrated in Figure 6-7 and Figure 6-8 on the following 
pages: 
1. Probing paths - combined loading is applied by displacern ent-contro I led 
load paths from a load point within the ellipsoid. Failure is defined as the 
point at which the resulting footing reactions do not increase. 
2. 'Side-swipe' tests from: 
a. Qv/Fv = 1.0 - The foundation is loaded until its ultimate vertical 
capacity is achieved. The vertical displacement is then 
constrained, remaining constant, whilst horizontal displacements 
and/or rotations are applied. The resulting load path traces the 
shape of the yield surface for that ratio of horizontal to moment 
displacements. In actuality, the yield surface described is slightly 
within the true solution due to the occurrence of pre-yield plasticity, 
causing softening. 
b. Low Ov/Fv values - The foundation is preloaded to its maximum 
vertical capacity, then unloaded vertically to a low Ov value. The 
vertical displacement is then constrained, remaining constant, 
whilst horizontal displacements and/or rotations is applied. The 
resulting load path traces the shape of the yield surface for that 
ratio of horizontal to moment displacement. In actuality, the yield 
surface described is slightly outside the true solution due to pre- 
yield plasticity which causes hardening to occur. A 3D paper cut- 
out model illustrating this load path is presented in Appendix 6. 
3. Constant Ov probes - The foundation is preloaded vertically to its ultimate 
capacity, then unloaded vertically to a specific Qv/Fv ratio. Displacement 
or load-controlled, horizontal and/or moment loads are then applied in 
order to ascertain the ultimate bearing capacity for that value of Qv and 
combination of horizontal and/or moment load. 
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Projection of load paths in the Moment- Vertical loading plane: 
QmIADSu 
. l- "S 
7 
I, - I 
p 
/" 
ow 1) Probing path from Ov/Fv=0.25 
2a) Side-swipe from Ov/Fv=1.0 
2b) Side-swipe f rom Ov/Fv=0.0 
3) Ov/Fv=0.25 probe 
0.25 0.5 Qv/Fv 
Proj . ection of load paths in the Horizontal- Vertical loading plane: 
QH/ASU 
---------- 
0.25 0.5 
4%" 
1) Probing path from Ov/Fv=0.25 
2a) Side-swipe from Ov/Fv=1.0 
2b) Side-swipe from Qv/Fv-0.0 
3) Qv/Fv=0.25 probe 
Projection of load paths in the Moment-Horizontal plane: 
Envelopes for: 
Ov/Fv=0.50 
Ov/Fv=0.25 
1) Probing path from Qv/Fv--0.25 
2a) Side-swipe from Ov/Fv=1.0 
2b) Side-swipe f rom Qv/Fv-0.0 
3) Ov/Fv=0.25 probe 
QH/ASU 
Figure 6-7 Load paths of probing tests typically undertaken In order to 
deduce the shape of a foundation's bearing capacity envelope under 
combined loading. 
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Side-swipe tests from Qv/Fv. -O. O 
Side-swipe tests from Qv/Fv=1.0 
A 
)bes of the FHmv-FMHv envelope 
a constant value of Ov 
Figure 6-8 Illustrations of swipe tests and constant Ov probes, from Martin 
& Houlsby (2000). 
Further detailed descriptions of these loading paths are presented by Martin & 
Houlsby (2000) and Bransby & Randolph (1998) with reference to laboratory and 
numerical investigations respectively. 
Laboratory studies generally adopt side-swipe tests as a larger volume of 
information can be extracted from a single test. 
Studies using numerical analyses are generally quicker to perform, thus any of 
the above methods may be applied, as illustrated by Bransby & Randolph (1997). 
6.2.5 Footing loading procedure 
In this thesis, constant Qv probes are used in order to evaluate yield loci. The 
justifications for this choice are: 
The load paths are more representative of the load paths that would be 
experienced by a spudcan subjected to combined environmental loading, 
The yield envelope can, in most cases, be easily determined from 
examination of the load-displacement response of the footing to the 
applied combined loading, 
The degradation of the footing's horizontal and moment fixity as loads 
approach the failure envelope can be deduced directly from the resulting 
horizontal load-displacement and moment-rotation responses, 
By performing a number of independent analyses (17 in this study) at 
each Qv/Fv ratio, a well-defined, robust failure envelope may be obtained 
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As each analysis contributes in a minor way to the overall deduced 
envelope, any erroneous failure points can be identified and managed. 
A consistent approach permits a 'semi-automated' mass-production and 
interpretation of results for a variety of scenarios. 
The complete system for load application is shown in Figure 6-9 for the case of 
Qv/Fv=0.5. Firstly the footing is preloaded, as described in Section 6.2.3, 
whereupon it is unloaded to the required Qv/Fv value and the combined load is 
applied. 
Only combinations of positive (i. e. to the right) horizontal loads and positive (i. e. 
clockwise) moments are investigated in the present study as the lateral and 
moment loads on spudcans, as environmental loading of a jack-up is always 
codirectional (Bransby & Randolph, 1998). 
At this stage it is useful to define, as in Eq. 6-1, the relative proportion of 
horizontal and moment loading applied incrementally to the footing for a 
particular load path. 
AQII 
_- 
AQII B 
Eq. 6-1 AQ, j, /B AQj, 
Qm/ADS,, 
OH! 
Preloading path 
Unloading path to 0, /Fv=0.5 
Combined loading for r=1.0 
)v/Fv 
Figure 6-9 An example of a constant-Ov probe load path for QvlFv = 0-5- 
The vertical, horizontal and moment loads are applied nodally to the footing as 
shown in Figure 6-10 in order to ensure that horizontal loads do not produce an 
induced moment. 
Section 6 
Page 229 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
Qý',, /B Cv0 AIB 
QH 
Figure 6-10 Method of application of combined loading to the strip footing. 
Horizontal loads applied to the footing will cause the soil beneath the footing to 
move laterally. In order to maintain undrained conditions within the finite element 
mesh, an equal volume of soil to that moving laterally must settle and heave 
either side of the footing as shown in Figure 6-11. This will necessarily produce a 
rotation of the footing, however this is found to be less than 1% of a degree at 
failure for E,, = 1 OOMPa, and is hence considered insignificant. 
Footing rotation QH 
Soil movernýeýn4t, 
1ý 
Displaced soil 
Original soil 
surface 
Figure 6-11 Undrained soil movements around a purely horizontally loaded 
footing. 
In order to accurately determine the bearing capacity envelope of the strip 
footing, a total of 136 analyses were performed. For each Ov/Fv ratio (0.0,0.2, 
0.4,0.5,0.6,0.7,0.8,0.9) seventeen separate probes were undertaken for 
different values of r (0.0,0.2,0.5,0.75,0.9,1.0,1.1,1.2,1.3,1.45,1.7,2.0,2.5, 
3.5,5.0,10.0, Infinity) ranging from purely moment loading (r = 0-0) to purely 
horizontal loading (r = -). Each of these load paths are shown in Figure 6-12 in 
theQMH/B 2SU -()Hm/BSu plane. The loading trajectories are at regular intervals with 
an extra emphasis around r=1.3 where the greatest curvature of the bearing 
capacity envelope was observed. 
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Figure 6-12 Loading trajectories employed for the Investigation of the 
bearing capacity envelope of a strip footing. 
For load-controlled analyses the accuracy with which the bearing capacity 
envelope can be determined depends upon the magnitude of the loads applied in 
each increment. It was decided that a satisfactory incremental load should be 
less than 0.25% of the corresponding ultimate capacity at Qv/Fv=0.0. 
Hansen's (1970) model for the combined bearing capacity of a strip footing 
predicts a maximum horizontal capacity, FH, equal to BSu which equals 
10OOkN/m run for the case considered here (Su=50kPa, 13=20m). Similarly the 
capacity under purely moment loading, Fm, is predicted to be 0.64213 2SU -equal to 
12,84OkNm/m run for the case considered here. 
The incremental horizontal load (AQH) adopted is therefore always less than 
25kN/m run, whilst the incremental vertical loads (AQm in Figure 6-10) used to 
apply the moment to the footing are less than 1.6kN/m run. 
Loading is applied at each increment until the increment cannot converge to 
within the specified tolerance (refer to Section 2.4) and the analysis terminates. 
This is due to the analysis attempting to apply a greater load to the footing than 
the soil can sustain, illustrated in Figure 6-13. The load applied to the increment 
that fails to converge can therefore be taken as being greater than the failure 
load, and the failure load deduced from the analysis is taken as that applied in 
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the previous increment. This procedure is validated in the following Sub-Section 
for displacement-controlled analyses for uni-axial loading conditions. 
Load + 
,, 
Does not converge 
, Vlot, AQ 
Incremental 
load applied AQ 
Last increment that 
converges - failure load 
Displacement 
Figure 6-13 Determination of failure from load-controlled finite element 
analyses. 
A further system of load application has been developed which automatically 
continues the analysis from the last increment that converged, applying 
combined incremental loads that are one tenth of those in the original analysis, 
thus enabling the failure load to be determined with a greater degree of accuracy. 
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6.3. RESULTS 
6.3.1 Comparison of load and displacement controlled analyses 
In order to validate the approach adopted and the accuracy of the finite element 
mesh and software, the ultimate capacity of a strip footing to purely horizontal 
(FH) and to purely moment (Fm) loads is established using both load and 
displacement-controlled analyses. In each analysis no vertical loading was 
applied. The strip footing is assumed to be perfectly rough and rigid (in practice it 
is given a stiffness five orders of magnitude greater than the soil), tension is 
allowed to occur between the footing and the soil. 
The resulting load-displacement curves for the analyses are shown in Figure 
6-14 for purely horizontal loading and in Figure 6-15 for purely moment loading. 
1.2 ,Ii -I 
QH/BS,, 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 
o Displacement- 
controlled 
Load- 
Controlled 
0.00 0.01 0.02 0.03 
u (M) 
Figure 6-14 Load-displacement curves for load-controlled and 
displacement-controlled analyses of a strip footing under purely horizontal 
loading. 
0.8 
Qm1I3 2S" 
0.6 
0.4 
0.2 
0.0 
00 01 
0.00 0.05 0.10 0.15 
Displacement- 
controlled 
Load- 
controlled 
Footing Rotation (degrees) 
Figure 6-15 Load-displacement curves for load-controlled and 
displacement-controlled analyses of the moment loading of strip footings. 
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The load-displacement data for both methods of loading are coincidental for both 
horizontal and moment loading. The horizontal capacity predicted from the load- 
controlled analysis is 2.7% above the exact solution, whilst the moment capacity 
is 1.7% below the upper bound estimate of Houlsby & Puzrin (1999). Note that an 
exact or unique solution for the bearing capacity of a strip footing subjected to 
purely moment loading does not exist except for the condition of zero lateral 
displacement. The ultimate values obtained here are compared with those of 
other authors in Table 6-2 below, and are thus judged to be satisfactory. 
Author Method FHIBSu Fm/B 2SU 
Present study 
Load-controlled finite 
1.027 0.703 
element analysis 
Present study 
Displace m ent-contro I led 1.021 0.710 
finite element analysis 
Hansen(1970) Upper bound estimate 1.0 0.642_ 
Houlsby & Puzrin Upper bound estimate 1.0 0.69 
(1999) 
Taiebat & Carter Load-controlled finite 0.69 
(2002) element analysis 
Gourvenec & Displacement-controlled 
1.02 0.72 
Randolph (2003a) finite element analysis 
Table 6-2 Bearing capacity of a strip footing under purely horizontal and 
purely moment loading. 
One of the advantages of numerical analysis is that it can illustrate the 
mechanisms of failure for geotechnical problems in a clearer and more reliable 
manner than can be achieved by conventional laboratory-scale model testing. 
Recent advances in the use of particle velocimetry, such as those described by 
White et al. (2005), are however producing successful and valuable insights into 
such mechanisms. 
In the case of purely horizontal loading, failure occurs directly along the footing- 
soil interface. The vectors of incremental soil displacements at failure for purely 
moment loading are presented in Figure 6-16, however the density of vectors 
(due to the mesh density) below the footing precludes a precise definition of the 
failure surface. Examination of contours of incremental absolute displacements at 
failure, shown in Figure 6-17 (where areas of high contour density denote zones 
of shearing), reveal the failure surface to be a non-circular arc. The centre of 
rotation is estimated as being 0.16513 above the centre of the footing's base, 
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consistent with the Fm/B 2SU value at failure of 0.703 obtained from the load- 
displacement response. 
Figure 6-16 Vectors of incremental soil displacements beneath a strip 
footing undergoing failure due to purely moment loading. The dashed line 
represents the failure surface deduced from Figure 6-17. 
Figure 6-17 Contours of absolute incremental displacements of the soil 
beneath a strip footing at failure and deduced failure mechanism (dashed 
line). 
6.3.2 Bearing capacity envelope allowing soil-footing adhesion 
The vertical-horizontal-moment loading bearing capacity envelope deduced for a 
strip footing based on the finite element analyses undertaken here is presented in 
Figure 6-18, and compared with the solution of Hansen (1970) in Figure 6-19. 
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Figure 6-18 The bearing capacity envelope for a strip footing under 
combined vertical-horizontal-moment loading. (The numbers In boxes 
correspond to the OlFv ratio for each curve). 
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Figure 6-19 Comparison of the combined bearing capacity envelope 
obtained in the present study (data points) with that of Hansen (1970) 
(shown as solid curves) In the horizontal-moment load plane for OvlFv=0.5y 
0.6,0.7,0.8,0.9. 
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Hansen's solution consistently underestimates the combined bearing capacities 
obtained in the present finite element analyses. The errors are not excessive for 
uni-axial (i. e. purely horizontal or purely moment) loading conditions, however 
when combined horizontal-moment loading is applied significant inaccuracies 
occur. Based on the results of the present finite element analyses, Hansen's 
predictive equation provides a poor estimate of a strip footing's combined bearing 
capacity envelope and cannot be recommended for design purposes. 
The overall envelope in Figure 6-18 does not lend itself to representation by an 
ellipsoidal function for Qv/Fv values less than around 0.7. This is evident when 
the results are plotted in a polar fashion, as in Figure 6-20. Here the polar angle, 
0, (defined in Eq. 6-2) varies between zero, for purely moment loading, and 90* 
for purely horizontal loading. 
0= tan-' 
(f; 
vxf B tan-' (r) Eq. 6-2 
MVH 
The radial term, Fabs is the magnitude of the normalised horizontal and moment 
loading on the footing as defined in Eq. 6-3. 
F Xf + 
FmvH 
Eq. 6-3 . bs 
; 
su 2SU 
Figure 6-20 shows that the nature of the geometric non-similarity of the failure 
envelopes for each Ov/Fv ratio precludes the application of a general ellipsoidal 
equation of best-fit. 
1.4 
C4 
1.2 cm 
1.0 
0.8 
0.6 
0.4 
to 0.2 - .0 
LZ 0.0 
0.0 
0.4 0.2 
0.5 
0.6 -9 0.7 
0.8 
0. 9 
0 15 30 45 60 75 90 
0 (degrees) 
FHVM/BSI, 
Figure 6-20 Polar representation of the combined bearing capacity 
envelope of a strip footing. (Numbers in boxes correspond to the OvlFv 
ratio for each curve) 
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If the Fabs curves are modified with respect to the capacities under purely 
horizontal or moment loading, using Eq. 6-4, the variation in kurtosis (or 
'peakedness') of the bearing capacity envelope at each Qv/Fv ratio is evident as 
in Figure 6-21. A constant value of Fabs with 0 (corresponding to a circular failure 
envelope) would therefore result in Fn,,, rn=O for all values of 0. 
It is evident from Figure 6-21 that the magnitude of the peak and the 0 value at 
which it occurs (denoted asOpeak) both depend upon the value of Ov/Fv. 
F-F Eq. 6-4 
....... /, % 
IM) 
90 
1M 
0.35 
0.30 
0.25 
0.20 
E 
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-0.05 
0 15 30 45 60 75 90 
(degrees) 
Figure 6-21 Normalised polar representation of the combined bearing .;. r 
capacity envelope of a strip footing. (Numbers in boxes correspond to the 
QvlFv ratio for each curve) 
In order to predict the data shown in Figure 6-18 it is assumed that the 
normalised bearing capacity envelopes at each Ov/Fv ratio can be produced by 
the addition of a 'peaked' curve to a circular envelope, as illustrated in Figure 
6-22. 
'Peak function' + Circle of unit radius 
Fmvl, /FN MVH FmvH/Fm 
+ 
I HVMI I HV I HVM/ V Hv I HVMI- 11V 
Figure 6-22 Concept used in producing a predictive framework for the 
combined bearing capacity of a strip footing. 
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The circular envelope will necessarily have a radius of unity as it will equal one at 
both the FmVH/Fmv and FHvm/FHv axes. The peak function is based on a hyperbolic 
tan functiont -a full description of the development of the formulation is 
presented in Appendix 7. The parameters required for the resulting predictive 
expression are summarised below: 
The load angle for which the particular FHM 
E) 
value is being calculated 
The 0 angle at which the maximum Qnorm Opeak 
value occurs for that Ov/Fv value 
A scalar multiplier controlling the amplitude 
rpeak 
of the peak 
Parameter required in order that the peak 
apeak 
function equals zero at the FmvH/Fmv axis 
Parameter required in order that the peak 
Y 
function equals zero at the FHvm/FHv axis 
The polar representation of the bearing 
F(E)) capacity envelope with respect to the load 
angle, 0, in (FMVH/Fmv)-(FHVm/FHV) space. 
Both Gpeak and rpeak are defined empirically to provide the best fit to the data in 
Figure 6-18 whilst apeak and Y both follow from the value Of Opeak in order that the 
final bearing capacity curve passes through unity on the FMVH/Fmv and FHvm/FHV 
axes. Relationships for the above parameters are defined below: 
tan-'( 
QHB) 
Qm 
Ed. 6-5 
V 
32 
rpeak= 1.75 Qv 2.52 qv +0.45 +0.48 Eq. 6-6 
(Fv ("Evv, ) (gFvv ) 
32 
E)peak= 
-37.0 
Qv + 0.95 IL + 1.09 
Qv 
+ 37.5 Fv 
) 
Eq. 6-7 .Q 
( 
Fvv, Fv 
Note that this equation givesOpeakin degrees 
Hyperbolic tan(O) = tanh(O) = sinh(O)/cosh(O) = 
ee -e-0 where the units of 0 are radians 
eo + e-9 
Section 6 
Page 239 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
apeak= tanh(20peak 
) 
Eq. 6-8 
Y= tanh(20peak) - tanh 
(2[f-Opeak Eq. 6-9 
E) F(E)) =I+ rpeak apeak-Itanh(2(E)- 
opeak 
Y2 
Yl Eq. 6-10 
Fuvm = FHJ(G)sin 0 Eq. 6-11 
Fmvn = Fmv F(O) cos 0 Eq. 6-12 
Where 0 and Opeak are measured in radians. 
The calculation process in order to evaluate the bearing capacity envelope is as 
described below: 
1. Determine the relevant Ov/Fv ratio (vertical load to preload ratio) for the 
load case in question. 
2. For that Qv/Fv ratio, calculate the corresponding magnitude of the peak 
function (rpeak) and the angle at which it occurs (Opeak) using Eq. 6-6 and 
Eq. 6-7 respectively. 
3. After first converting the value Of Opeakobtained from Eq. 6-7 into radians 
(by multiplying by 70800), use Eq. 6-8 and Eq. 6-9 to evaluate the 
parameters apeak and Y that are needed to determine the bearing capacity 
envelope function, F(E)). 
4. The bearing capacity envelope can now be determined with respect to the 
load angle, E), using Eq. 6-10. 
5. The horizontal and moment bearing capacity for the Qv/Fv ratio in 
question can be found for any load angle, 0, using Eq. 6-11 and Eq. 6-12. 
In order to evaluate the absolute load, knowledge of the values of FHv and 
Fmv are needed for that Qv/Fv ratio, expressions for which are presented 
in the proceeding discussion. 
An illustrative example calculation is presented in Appendix 8 for reference. 
The variation of FHVwith vertical load level, Qv/Fv, is shown in Figure 6-23 
alongside the exact solution of Green (1954) and the results of Gourvenec & 
Randolph (2003a) using displacement-controlled finite element analysis. It is 
evident that the results from the analyses obtained here are in excellent 
agreement with Green's solution, adding confidence to the methodology used. 
Sectlon 6 
Page 240 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
1.0 
0.8 
0.6 
CY 0.4 
0.2 
0.0 
* Present Study 
-Green (1954) 
- Gourvenec & Randolph (2003) 
0.0 0.2 0.4 0.6 0.8 1.0 
Qv/Fv 
Figure 6-23 Comparison of the horizontal capacities at various vertical load 
levels obtained in this study with the exact solution of Green (1954) and the 
results of Gourvenec & Randolph (2003a). 
Similarly the variation of Fmv/B 2SU with Qv/Fv is shown in Figure 6-24 alongside 
the results of Hansen and Gourvenec & Randolph (2003a). The capacities 
deduced here are slightly lower than those of Gourvenec & Randolph's study, 
whilst the inability of Hansen's solution to handle footing-soil adhesion leads to 
very conservative capacities for vertical load ratios less than 0.5. This is of 
particular concern in this study as it is used as the basis for the latest ISO 19901 
(2003) standard for offshore foundations. 
0.8 
Fmv/B 2S. 
0.6 
0.4 
0.2 
0.0 
Present study 
Hansen 
Gourvenec & Randolph 
0.0 0.2 0.4 0.6 0.8 1.0 
0,, /Fv 
Figure 6-24 Comparison of the moment capacities at various vertical load 
levels obtained In this study with those of Hansen (1970) and Gourvenec & 
Randolph (2003a). 
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The variation of FHv/BSu and Fmv/B 2SU with Qv/Fv for (Qv/Fv)>0.5 can be well 
represented by the simple relationships, Eq. 6-15 and Eq. 6-16, as shown in 
Figure 6-25 below. For design purposes, for Qv/Fv: r. 0.5, FHv and Fmv can be 
assumed to be 1 .0 and 0.7 respectively. However in order to produce the best fit 
to the data points obtained in this study, a linear variation of FHv and Fmv with 
respect to Ov/Fv is assumed for Ov/Fv: 5 0.5. 
For QvlFv: 50.5. * 
FHv 
BS. 
1.00 Eq. 6-13 
Fmv 
= 0.70 B 2s u 
For QvlFv>0.5., 
Eq. 6-14 
Qj, 
Y2.3 
v 
FHv 
= LOOX 4kv- Iv Eq. 6-15 BS. Fv TV 
Fmv 
T 0.70 x4 
g- 
I- 
Q`)) 
Eq. 6-16 -S. Fv v 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 
0, /Fv 
Figure 6-25 Variation of FHvIBS,, and FmvIB2Su with vertical load level 
deduced from present finite element analyses alongside the predictive 
equations Eq. 6-15 and Eq. 6-16. 
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The empirically derived data values (determined from visual curve fitting) of Opeak 
and rpeak are shown as points in Figure 6-26 together with the design curves of 
the cubic functions Eq. 6-6 and Eq. 6-7. 
40 
cn 
(1) 30 
25 
-W 
20 
10 
35 
15 
r,. ak 
Eq. 6-6 
Ol. 
ak 
Eq. 6-7 
0.5 
rpeak 
0.4 
0.3 
0.2 
0.1 
0.0 0.2 0.4 0.6 0.8 1.0 
Ov/Fv 
Figure 6-26 Variation Of epeak and rpeak with vertical load level. 
The bearing capacity envelope of a strip footing is compared to that predicted 
from the above proposed model in Figure 6-27 for Ov/Fv ratios of 0.0,0.2,0.4, 
0.6 and 0.8. The proposed model can be seen to provide an accurate 
representation of the shape and size of the bearing capacity envelope over the 
entire range of vertical load levels. Although this is to be expected, as the model 
is based on the present finite element analysis data, it is also an effective model 
for the representation of the results for axi-symmetric footings as described and 
applied in Section 7. 
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Figure 6-27 Comparison of the combined bearing capacity envelope of a ,w 
strip footing determined from finite element analysis (data points) and the 
proposed 'peak functionmodel (solid lines). 
6.3.3 Bearing capacity envelope with no soil-footing adhesion 
The analyses described in the previous Sub-Section are repeated here for the 
case of zero soil-footing adhesion. This is achieved by placing a single layer of 
zero-thickness interface elements between the base of the footing and the soil. 
Should tensile normal total stresses occur between the footing and the soil these 
elements are able to open preventing adhesion. An example of soil-footing 
separation occurring is shown in Figure 6-28 for Ov/Fv = 0.5 and r=0.0. 
Zone of detachment 
- 
7. ý - -Z 
TT 
++ 
+I 
% ::: = 
-- -------- 
7 7 
++ + 
ilýs 
-- -------- --- 
------- ý2_ 
Figure 6-28 Footing-soil separation occurring for a strip footing under 
moment loading (displacements shown at 48x scale). 
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The bearing capacity envelope deduced for these conditions is shown in Figure 
6-29 and in tabulated form in Appendix 10. The largest combined bearing 
capacity occurs at Ov/Fv=0.5 with an approximately symmetrical reduction in 
capacity with vertical load level - i. e. the curve for Qv/Fv=0.2 is approximately 
equal to that for Ov/Fv=0.8. 
C 
V. 1 
0.5 06 
.7 
0.5 
ch *-_4 0,8 0.4 - 4 `-ý 72 
0.3 
U- 0.9 
0.2 
0.1 
0.0 
- 
0.0 0.2 0.4 0.6 0.8 1.0 
FHVM/BSu 
Figure 6-29 Bearing capacity envelope for a strip footing under combined 
vertical-horizontal-moment loading where no soil tension Is permitted. (The 
numbers in boxes correspond to the QvlFv ratio for each curve) 
The variation of FHv/BS,, and Fmv/B 2SU with vertical load level are shown with data 
points in Figure 6-30 alongside the corresponding parabolic curves of best fit, Eq. 
6-17 and Eq. 6-18. 
FHv 
=0.96X 4kv- I-Qv 
2 
Eq. 6-17 
BSu Fv Fy 
Fmv 
. =0.64x 4Qv I-Qv 
Y1.05 
Eq. 6-18 
B'S" 
( 
Fv Fv 
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Fi, a,, ure 6-30 Variation of FHvIBSu and FmvIleSu with vertical load level for a 
strip footing where soil-footing adhesion is not permitted 
The variation of FHv/BS,, is in marked contrast to that predicted by Hansen 
(1970), plotted in Figure 6-31. Although soil-footing separation is now permitted 
in the finite element analyses, consistent with Hansen's solution for moment 
loading shown in Figure 6-32, the horizontal bearing capacities deduced from the 
finite element analyses show an parabolic form of relationship, suggesting that 
Hansen's relationship is unconservative. The reduction in capacity as the vertical 
load ratio reduces suggests that footing-soil separation is occurring even for 
purely horizontal loading. 
1.0 
FHV/BSu 
0.8 
0.6 
0.4 
0.2 
0.0 
4 \\ - 
Present study 
Hansen (1970) 
T -T - 
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Figure 6-31 Comparison of the variation of horizontal bearing capacity with 
vertical load level deduced in this study with the solution of Hansen (1970). 
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The variation of F MV/B2SU with Qv/Fv found here is compared in Figure 6-32 to 
Hansen's (1970) predictive formula, Houlsby & Puzrin's upper bound estimate 
and the values obtained by Taiebat & Carter (2002) using displacement- 
controlled finite element analysis. 
The data deduced from the present finite element analyses are in good 
agreement with the comparison studies, lying close to the values predicted by 
Hansen's formulation. 
The uni-axial bearing capacities for the analyses detailed in Section 6.3.2, which 
permitted tensile total stresses between the footing and the soil, are compared 
with those obtained in this Section, where tension is prevented, in Figure 6-33. It 
is evident that both situations produce identical common bearing capacity values 
for Ov/Fv > 0.5. 
Figure 6-34 demonstrates, however, that the combined bearing capacity 
envelopes under vertical-horizontal-moment loading are only similar for all E) 
values for Qv/Fv ratios greater than around 0.8. 
0.7 
F MV/B2SU 
0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0 
* Present study 
* Taiebat & Carter (2002) 
Houlsby & Puzrin UB (1999) 
Hansen (1970) 
0.0 0.2 0.4 0.6 0.8 1.0 
Qv/Fv 
Figure 6-32 Comparison of ultimate moment capacities at various vertical 
load levels for strip footings where soil-footing adhesion Is not permitted 
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Figure 6-33 Comparison of uni-axial capacities for strip footings where 
footing adhesion is either permitted or prevented. 
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Figure 6-34 Comparison of the horizontal and moment loading bearing 
capacity envelopes permitting (solid symbols) and preventing (hollow 
symbols with solid lines) soil-footing tension for 0.5: 5 OvlFv: 5 0.9. 
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The combined bearing capacity curves shown in Figure 6-29 are noted to be 
geometrically similar hence, if suitably normalised, should reduce to one single 
curve. If the same data is instead plotted in FmVH/Fmv-FHvm/FHV space, as in 
Figure 6-35, one can see that this is generally true, with some slight scatter. The 
grey curve, corresponding to a circle of unit radius, is a reasonable approximation 
to the group of data. 
1.0 
FMVH/Fmv 
0.8 
0.6 
0.4 
0.2 
0.0 
Grey curve 
denotes 
circular arc 
0.0 0.2 0.4 0.6 0.8 1.0 
FHVH/FHV 
Figure 6-35 Normalised bearing capacity curves for a strip footing where 
soil-footing adhesion is not permitted Note that each curve's OvlFv ratio is 
not labelled here due to the tight spacing of the curves. 
A suitable ellipsoidal representation of the whole bearing capacity envelope is 
hence defined using Eq. 6-19. 
2 
+ 
mv 
)2 
Eq. 6-19 
ýHVM )- 
Where FHv and Fmv are defined in Eq. 6-17 and Eq. 6-18 respectively. 
The predictions of Eq. 6-17 to Eq. 6-19 and the finite element data are compared 
in Figure 6-36, confirming the ability of the ellipsoidal formulation to give a 
satisfactory estimate of the bearing capacity envelope. The errors in the 
predicted envelopes for Qv/Fv=0.2 & 0.8 are due to the slight discrepancies 
between the predictions of FHv and Fmv by Eq. 6-17 and Eq. 6-18, and the values 
obtained from the finite element analyses, as shown in Figure 6-30. 
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Figure 6-36 Comparison of bearing capacity envelopes derived from the 
results of finite element analyses and those calculated by the ellipsoidal 
predictive equations, Eq. 6-17 to Eq. 6-19. 
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6.4. SUMMARY 
The undrained combined bearing capacity envelope for a preloaded strip footing 
has been determined using small-displacement finite element analyses for 
conditions of full and zero soil-footing adhesion. 
A 'peak function' framework has been proposed that produces a good 
representation of the non-ellipsoidal bearing capacity envelopes deduced. This 
formulation uses the variation of FHv and Fmv, Opeak and rpeak with Qv/Fv for the 
particular footing in question in order to produce an accurate estimate of the full, 
three-dimensional vertical- horizontal- mom e nt bearing capacity envelope. 
Particular conclusions drawn from the work contained in this Section include: 
Load-controlled and displace m ent-co ntrol led analyses of a strip footing 
produce identical capacities under purely horizontal and purely moment 
loading under the conditions of zero vertical load (refer to Figure 6-14 and 
Figure 6-15). 
* Load-controlled, constant-Ov load paths have been shown to reliably 
determine the bearing capacity envelope of a strip footing. 
The bearing capacity envelope, with respect to purely horizontal and 
purely moment loading at various vertical load ratios, is consistent with 
the results of Green (1954) and Gourvenec & Randolph (2003a) (refer to 
Figure 6-23 and Figure 6-24 respectively). Hansen's equation for the 
moment capacity of a footing under combined loading reduces with 
reducing vertical load ratio as it assumes no soil-footing adhesion. 
The undrained bearing capacity envelope for a strip footing with soil- 
footing adhesion is not ellipsoidal, as demonstrated in Figure 6-18. 
9 Hansen's predictive equation for the combined bearing capacity of a strip 
footing has been shown to give poor estimates in the horizontal-moment 
loading plane for all vertical load levels (Figure 6-19). This is of concern 
as it is used as the basis for the current ISO (2003) standard for offshore 
foundations. 
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9 Where soil-footing separation can occur, the ultimate horizontal capacity 
of a strip footing is consistent with that predicted by Hansen (1970) for 
Ov/Fv>0.5. At Qv/Fv ratios less than 0.5, the horizontal bearing capacity 
observed here reduces with vertical load ratio, whereas Hansen's model 
predicts a constant FHv/AS,, of unity - refer to Figure 6-31. 
The variation of the ultimate moment capacity of a strip footing with 
vertical load level for the case where no soil-footing adhesion is permitted 
found here is consistent with the results of Hansen (1970), Houlsby & 
Puzrin (1999) and Taiebat & Carter (2002) - refer to Figure 6-32. 
e Soil-footing adhesion does not affect the uni-axial horizontal and moment 
bearing capacities (i. e. 0=0* and 900) of a strip footing for Qv/Fv ratios 
greater than 0.5 (Figure 6-33). 
Soil-footing adhesion does not affect the combined vertical- ho rizo ntal- 
moment bearing capacity of a strip footing for Qv/Fv ratios greater than 
around 0.8 (Figure 6-34). 
The normalised combined bearing capacity envelopes (in FHvm/FHV' 
FmVH/Fmv space) for a strip footing where soil-footing adhesion is 
prevented can be approximated as a circle for all vertical load levels, as in 
Figure 6-35. The full combined 'bearing capacity envelope can be 
determined using an ellipsoidal function with reference to relationships for 
FHv and Fmv with vertical load level, Qv/Fv as shown in Figure 6-36. 
There is no framework currently published that can provide an accurate 
representation of the combined bearing capacities of a strip footing 
observed from the present finite element analyses for the case of soil- 
spudcan adhesion. 
* The proposed 'peak function' formulation provides an excellent agreement 
with the finite element data upon which it is based. 
The proposed formulation has also found service in Section 7 in order to 
represent the bearing capacity envelope of axi-symmetric footings. 
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7. 
COMBINED LOADING OF SPUDCANS 
7.1. INTRODUCTION 
The previous Section used plane-strain analyses to investigate the combined 
loading of strip footings. This was performed to both validate the procedure and 
program used and as a precursor to the present Section. 
This Section uses the Fourier Series Aided Finite Element Method of 3D analysis 
to examine the effects of spudcan shape, spudcan-soil adhesion and spudcan 
penetration upon the combined loading bearing capacity envelope. 
The results are used to formulate predictive equations for the expected bearing 
capacity of spudcan foundations that are suitable for use by engineers, and to 
add to the understanding of spudcan behaviour. 
The resulting load-displacement responses of the spudcans in the analyses are 
subsequently used in Section 8 to deduce horizontal and rotational spudcan 
stiffnesses, and their degradation with load level. 
7.2. METHODOLOGY 
The general loading procedure followed in this Section is based on that 
undertaken for the assessment of the combined loading bearing capacity of strip 
footings in Section 6. An elastic-perfectly-plastic constitutive model is specified 
for the soil, adopting the Tresca failure criterion and the footing is modelled as 
being practically rigid. The spudcan is first preloaded vertically and unloaded to 
the required Qv/Fv ratio in order to replicate the typical installation process for a 
jack-up platform. 
Load-controlled probes are then applied to the spudcan at that vertical load for a 
particular horizontal-moment load ratio, r- defined previously in Eq. 6-1 in 
Section 6.2.5. 
The finite element meshes used here are similar to those adopted for the 
investigation of the vertical bearing capacity of conical footings in Section 3.4 of 
this thesis. In common with the work undertaken in Section 6, the actual spudcan 
is modelled in the proceeding analyses, rather than being represented through 
the use of boundary conditions. 
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Here the spudcan is assumed to be perfectly rigid - this is approximated by 
specifying an elastic constitutive behaviour which is JX105 times stiffer than the 
surrounding soil. The spudcan-soil interface is modelled as being perfectly rough 
without the use of interface elements, except for the analyses in Section 7.3.3 
and Section 7.3.5 where spudcan-soil adhesion is not permitted. 
Authors, such as Bransby & Randolph (1998), have previously approximated the 
behaviour of axi-symmetric footings through the non-dimensionalisation of results 
from plane-strain footing analyses. 
The proceeding Sub-Sections, in light of the conical nature of the footings 
investigated, use a three-dimensional method of analysis in order to best model 
the behaviour of spudcan-type footings. 
Combined loading of spudcans is a fully three-dimensional problem possessing 
an axi-symmetric initial geometry. For small-displacement analyses, the problem 
geometry is assumed not to change significantly from the initial geometry and an 
approximation is made that the initial mesh geometry can be used as the basis 
for all computations throughout the analysis. 
Boundary value problems of this nature are well-suited to an efficient means of 
three-dimensional numerical analysis, termed the Fourier Series Aided Finite 
Element Method. 
A full description of this procedure is precluded here - the reader is instead 
invited to refer to Potts & Zdravkovi6 (1999) for a comprehensive explanation of 
its implementation and application. For the present discussion, a brief and 
illustrative description will instead be offered in the next Sub-Section. 
7.2.1 Introduction to the Fourier Series Aided Finite Element Method 
The Fourier Series Aided Finite Element Method (FSAFEM) is an efficient 
method of solving boundary value problems that have an axi-symmetric geometry 
but non-axi-symmetric boundary conditions. Three dimensional boundary values 
problem analysed using FSAFEM can run ten times faster, require far less 
computing resources and a simpler mesh than an equivalent full 3D' analysis. 
Two variants of FSAFEM exist - continuous and discrete. In the following 
analyses the 'continuous' version is used, and is the form described below. 
The FSAFEM uses a 2D mesh of elements to represent the axi-symmetric 
domain in the r-z plane (shown in Figure 7-1) and describes the out-of-plane 
(circumferential) variables as a Fourier Series of V harmonics, as shown for the 
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example of incremental radial displacements, u, in Eq. 7-1, with reference to 
Figure 7-1. Boundary conditions can similarly be specified in terms of Fourier 
Series, as will be seen in Section 7.2.2. 
Au = Atio + Aul cos 0+ Au'sin 0+ AU2 cos20+AU2 sin 20 +... 
+ Aul cos10+äu'sin10... Eq. 7-1 
... +AuLcosLO+, äuLsinLO 
Where the superscript upon u refers to the harmonic number, I is an arbitrary 
harmonic and L refers to the order (equal to the total number of harmonics) of the 
Fourier Series. 
AU0, Atý and Au' are thus the dh, th order cosine and th order sine harmonic 
coefficients of the incremental radial displacement variable. 
Footing--_.!, Z 
Soil 
r 
Figure 7-1 Coordinate system for FSAFEM. 
The incremental displacements (Au, Av, Aw) in the radial, vertical and 
circumferential (r, z, 0) directions can thus be calculated using Eq. 7-2. 
L 
N, 
(I: 
U, coslO+U, sinlO 
Au 1=0 U 
?IIL AV =j: N, 
(ZV, 
cos1O+ý, sin1O Eq. 7-2 
H 1--0 Aw L 
Nj(j: Wj'cos1O+Wj'sin1O 
1--0 
Where i refers to the node in the element, N is the relevant shape function, and L 
is the order of the Fourier Series expansion specified. 
Ui j Vj' and W, 
' are the cosine harmonic coefficients of incremental radial, 
vertical and circumferential displacement for the Ith harmonic at the 11 node. 
X-- 
I= 
Uj , V, 
' and Wil are the sine harmonic coefficients of incremental radial, vertical 
and circumferential displacement for the th harmonic at the /' node. 
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The method of implementation then allows the system of equations to be solved 
for each harmonic independently for each of the harmonic coefficients, 
uncoupling the stiffness matrix between harmonics. In ICFEP this is achieved for 
non-linear analyses and permits significant efficiencies in computation, Ganendra 
(1994). Figure 7-2 shows the results of a comparative study reported in Potts & 
Zdravkovi6 (1999) for the case of a horizontally loaded rough circular surface 
footing. Load-displacement curves are presented for a full 3D analysis (which 
used 20-noded brick elements), and for FSAFEM analyses using different 
numbers of Fourier harmonics. 
90C 
9600 
ýZO 
3 
93 
3D (41 hours) 
5 harmonics (4.5 hours) 
FSAFEM 10 harmonics (7 hours) 
IA 
20 harmonics (21 hours) 
300 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 
Horizontal displacement (m) 
Figure 7-2 Comparison of load-displacement curves of a horizontally 
loaded rough circular surface footing predicted using full 3D and Fourier 
Series Aided Finite Element Analyses., from Potts & ZdravkoVIC' (1999). 
It is evident that the FSAFEM analyses, using as few as five harmonics, give 
practically identical results to that of a "full 31)" analysis. The corresponding 
calculation times are also shown, highlighting the computational and storage 
efficiencies that can be realised due to the harmonic decoupling of the stiffness 
matrix. 
Additional efficiencies may be achieved in the present study through the 
assumption that the horizontal PH) and moment (0m) loading of spudcans due to 
wave and wind loading are codirectional, as illustrated in Figure 7-3. This 
presents a plane of symmetry along 0=00 and 18011 that can be exploited to 
further halve the computation burden. 
Section 7 
-Pa-ge 256 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
0=900 
z 
Pm 
Modbiled 
---------- A ----------- 
I 
3D view 
.w 
Figure 7-3 Illustration of parallel symmetry in FSAFEM for codirectional 
horizontal and moment loading of a surface footing. 
The accuracy of the analysis is clearly dependent upon the number of harmonics 
used to represent the out-of-plane variables (which remain constant throughout 
the analysis). Potts & Zdravkovi6 (1999) present an example of a laterally loaded 
pile, where 6 harmonics were found to be sufficient for producing an accurate 
estimate of the limit load for a smooth-sided pile, as shown in Figure 7-4, whilst 
the behaviour of a rough-sided pile was we I I- represented with as few as three 
harmonics. 
Table 7-1 summarises the numbers of harmonics used by researchers for 
solving various boundary values problems employing the FSAFEM. 
12 
. ZJ 
00 ------------- ýý-alytical rough 
10 
I Analytical smooth 
2=180*( I 0=00 
Plane of '. '' ', '' ýý 
-ýv 
-C) ,,, M .1r symmetry 
Not M delled 
0=2700 
Plan view 
Smooth - CFSAFEM 
Rough - CFSAFEM 
0- 
0 2468 10 12 14 16 18 20 
Number of harmonic coefficients 
Figure 7-4 Influence of the number of harmonics used in FSAFEM upon the 
accuracy of the solution obtained for the example of a laterally loaded pile., 
from Potts & Zdravkov/6 (1999) 
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Author Application Harmonics 
Laterally loaded smooth pile 6 
Potts & Zdravkovi6 Laterally loaded rough pile 3 
(1999) Horizontal loading of a rough circular surface 
5 
footing 
An advancing NATM tunnel in decomposed 
Shin et al. (2002) 5 
granite 
Zdravkovi6 et al. Combined loading of suction caissons 10 (2001) 
Modelling bender element tests on triaxial soil Hardy (2003) 10 
specimens 
Combined loading of a circular surface footing Taiebat (1999) 12 
(discrete FSAFEM) 
Table 7-1 Number of Fourier harmonics used by various authors In the 
analysis of geotechnical boundary value problems. 
7.2.2 Boundary Conditions 
Due to the formulation of the FSAFEM, the geometry of problems that can be 
investigated are necessarily axi-symmetric. As such, a 2D mesh in the r-z plane 
is used (shown in Figure 7-5 for the case of a spudcan with a cone angle of 
15011). The axis of rotational symmetry occurs at r=O whilst, for the analyses 
undertaken here, the soil's surface is assumed to be at z=O. 
The boundary conditions specified for the mesh boundaries in the proceeding 
analyses are described in Table 7-2. 
In order to apply loading to the spudcan, whether vertically (and hence axi- 
symmetric) or horizontal and/or moment (non-axi-sym metric), boundary 
conditions are applied to the corner of the footing, as shown in Figure 7-7, at the 
elevation of its load reference point (the point about which moments are 
calculated). The load reference point is typically taken to be the lowest part of the 
spudcan that has the maximum diameter, as illustrated for a conical and a spiked 
conical spudcan in Figure 7-6. 
Incremental loading cannot be applied to the spudcan along the axis of revolution 
as computations adopting the FSAFEM formulation require the point of load 
application to have a non-zero radial dimension. 
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i 
E 
Figure 7-5 Finite element mesh and boundary conditions for the combined 
loading of a 150 0 conical spudcan. 
Nomenclature Direction 
Boundary in Figure 7-5 r z 0 
Axis of revolution A-13 AFr=O AFz=O AF,, =O 
Base boundary B-C AU=O Av=O AW=O 
Outer circumferential 
boundary 
C-D AU=O AFz=O AFjj=0 
Table 7-2 Applied displacement and load conditions specified at the mesh 
boundaries for the investigation of the combined loading behaviour of 
spudcans in this thesis. 
Elevation of maximum 
spu ct 
-. 6Z 
tion of ma mum mum 
-, 7an 
diametxeir spudcan diameter 
10 
Figure 7-6 Load reference point (solid points) and points of load application 
(hollow points) for the FSAFEM for a conical and a spiked conical spudcan. 
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r=O 
I 
Figure 7- 7 Application of combined loading for a 150 0 conical spudcan. 
7.2.3 Preloading 
Preloading is applied in the same manner as for the strip footing. Prescribed 
displacements are applied to the load application point with nine dummy 
increments in order to minimise residual loads in the mesh. The ultimate vertical 
capacity is mobilised, i. e. Qv=Fv=scN, AS,,, after 200 increments. The preload is 
then reduced to O. lFv over 90 increments by applying vertical loads to the load 
application point in the positive-z direction. 
This unloading is a uniformly distributed circumferential load, and hence does not 
vary with the out-of-plane angle, 0. The magnitude of the Fourier harmonic's 
zeroth order incremental unload is therefore equal to 0.01 Fv/7[D. 
The resulting preloading curve is shown in Figure 7-8 for a flat, rough, circular 
spudcan. The unload portion should be elastic, permitting the determination of 
the resulting Kj/GR value (as defined in Eq. 4-3) from the linear unload load- 
displacement curve. This ratio should equal 8.0 based on the solution of Poulos 
& Davis (1974) for a circular footing on a perfectly-elastic half-space. However as 
the finite element mesh has a finite depth, H/D=5, the Poulos & Davis solution 
that includes the presence of a rigid base, shown in Figure 4-8, is more 
applicable and suggests a Kj/GR value of 8.90 for a rough, rigid circular footing. 
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The variation of Kj/GR deduced during the unloading phase is shown in Figure 
7-9 and shows some variation with load level due to slight plasticity occurring 
within elements around the footing's corner and is within 4% of 8.90. 
Ov (MN) 
20 40 60 80 100 
0.0% 
d) 0.2% 
a) 
E 
AR 
0 0.4% 
E 0.6% 
(D 
CL 
0.8% 
1 . 
O% 
Figure 7-8 Preloading curve for a rough, flat, circular surface footing on a 
homogeneous clay with an undrained shear strength of 50kPa). 
9.2 
Ki/GR 
9.0 
8.8 
8.6 
8.4 
Figure 7-9 Variation of KIIGR during the unloading segment of the 
preloading sequence for a rough, rigid circular footing. 
7.2.4 Application of combined loading 
Both horizontal and moment loading are applied as a distributed load to the 
circumference of the spudcan at the load application point (defined in Figure 7-7 
and Figure 7-6) as shown in Figure 7-10. 
The moment loading is applied as a vertically downwards load using a Fourier 
Series consisting of 1" order cosine terms, i. e. fv(O)=F'vcoso (where a positive 
force is directed downwards) where fv(O) is the variation of th-e-T-agn-itude of the 
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distributed load with the out-of-plane angle 0, and F'v is the amplitude of the first 
cosine harmonic. Thus fv(o)=F'v at 0=0', at 0=900 fv(O)=O and at 0=1800 
fv(o)= -F'v as illustrated in Figure 7-11. The resultant moment about the 0=90" 
axis is thus 1/471 
21 
Horizontal loading is applied in the 0=00 direction using a combination of two, 
first-order Fourier Series in the radial and circumferential directions as shown 'in 
Figure 7-12. The radial loads, QO) are specified to vary with 0 by the following 
expression, QO) = F1rCOSO whilst the circumferential loads, f,, (O) are given by 
-F%sino as in Figure 7-13. Note that the circumferential loads are applied in the 
opposite direction to positive 0. If the magnitudes (Flr and F',, ) of these two 
Fourier Series are equal then the vector sum of the applied loads will result in an 
overall loading in the 0=00 direction only, as illustrated in Figure 7-14. The 
magnitudes of the two Fourier Series must therefore be equal to the required 
horizontal load applied per unit circumference, i. e. QH/(7ED). 
fjj(O)=H/(nD) 
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1.00 
f v(o)/F'v 0.75 
0.50 
0.25 
0.00 
-0.25 
-0.50 
-0.75 
1 ()n -.. Vv 
0 30 60 90 120 150 180 
0 (0) 
Figure 7-11 Variation in vertical distributed load fv(0) in the out-of-plane 
direction, 0, for the application of moment loading. 
)0 )0 
Figure 7-12 Method of application of horizontal loading by a combination of 
radial and circumferential loads (plan view). 
1.00 
0.75 
0.50 
f, (O)/F', 
0.25 
0.00 
-0-25 
-0 50 
1 
-0.75 
-1.00 
L- 
0 30 60 90 120 150 180 
0(1 
Figure 7-13 Variation in radial and circumferential distributed loads in the 
.U 
out-of-plane direction, 0, for the application of horizontal loading. 
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If F'r = Flo then the resultant load is parallel to 0=011: 
fl(O) 
I FIrCOS(O) II -Flosin(O) 
0 
I. 
-. F'r = F1 0= QH/70 
I 
Figure 7-14 Resultant horizontal force obtained from the vector summation 
of the radial and circumferential loads described In Figure 7-12, where 
Fl,, =Fl, g (plan view). 
The combined loading is applied incrementally after completion of the preloading 
sequence. The resolution of the applied loading is such that each increment of 
combined load is less than 0.25% (as used in Section 6.2.5) of the anticipated 
failure load of a flat circular footing for that combination of loading. As it is 
presumed (and later verified in Section 7.3.4) that conical footings have a greater 
combined bearing capacity than a flat circular footing, the above loading 
resolution is satisfactory for all cone angles. 
From theoretical considerations the normalised horizontal capacity, FH/ASu, for a 
rough circular footing equals unity under purely horizontal loading, corresponding 
to shear failure at the soil-footing interface. The Fourier Harmonic magnitudes for 
the radial and circumferential applied loads (817', and 8F'O respectively) must 
therefore be less than 0.25% of (ASu)/(nD) = 0.625kN/m. (Su = 50kPa in all 
analyses). 
The normalised moment capacity, Fm/ADSu, under purely moment loading is 
checked against the value of 0.69 obtained by Gourvenec & Randolph (2003a). 
The incremental Fourier Harmonic load magnitude in the vertical direction, SF'v, 
must therefore be less than 0.25% of (0.69ADSJI/4nD 2) = 1.725kN/m. The 
resulting set of Fourier Harmonic magnitudes used in the present study are listed 
in Table 7-3 for each of the 17 horizontal-moment load combinations. 
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Horizontal Moment 
Load Ratio, r 
(-ýAOHD/A0m)t 
Incremental 
SF'r, -8F'q (kN/m) 
Incremental 
8F'v (kN/m) 
0.0 0.00 1.70 
0.2 0.08 1.60 
0.5 0.20 1.60 
0.75 0.30 1.60 
0.9 0.36 1.60 
1.0 0.40 1.60 
1.1 0.44 1.60 
1.2 0.465 1.55 
1.3 0.481 1.48 
1.45 0.493 1.36 
1.7 0.51 1.20 
2.0 0.53 1.06 
2.5 0.55 0.88 
3.5 0.56 0.64 
5.0 0.55 0.44 
10.0 0.55 0.22 
.0 0.55 0.00 
as ACIH = 7rDAF1r and AQm=1/4icD2AF'vg the load ratio, r= AQHD/AQm = 4F'r/Flv 
Table 7-3 Fourier harmonic magnitudes used to apply horizontal and 
moment loading for each combination of combined loading for axi- 
symmetric footings. 
7.2.5 Determination of failure loads 
Based on the previous load-controlled combined loading analyses undertaken in 
Section 6.2.5 for strip footings, it is anticipated that the failure load of conical 
footings could be determined from the increment at which the analysis failed to 
converge. For the presently described FSAFEM analyses, however, the analyses 
did not necessarily fail to converge once failure had occurred, with around half of 
the analyses continuing to accept incremental loading past their failure 
capacities. This was found to be more common for footings at vertical load ratios 
(Qv/Fv) greater than 0.4. 
This phenomenon is due to numerical issues within the finite element program 
whereby additional loads, applied at load levels close to the failure capacity of the 
footing, manifest themselves as 'residual loads' (refer to Section 2.4) within the 
mesh. The footing will thus appear to be able to bear loads that are in fact 
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sustained by errors within the mesh elements. This results in a load-displacement 
response that increases gradually, ad-infinitum, rather than stabilizing at a 
clearly-defined failure capacity. This is illustrated in Figure 7-15 for a circular 
footing under purely moment loading at Qv/Fv = 0.5. For the sizes and types of 
boundary value problems investigated in this thesis, experience gained from this 
project has shown that total element residual loads across the mesh of the order 
of 1 OkN are sufficient to compromise the accuracy of measured loads and/or 
displacements. 
The load-displacement curve in Figure 7-15 cannot therefore be relied upon as 
being accurate beyond footing rotations of around 0.20. 
0.8 .III 
0.6 
0.4 
0.2 
0.0 
Q /A DS m ,, 
Residual 
loads 
0.0 0.2 0.4 0.6 0.8 
Footing rotation (degrees) 
200 
150 
m 100 cu 0 
co 
50 
cr- 
40 
1.0 
Figure 7-15 Effect of accumulating residual loads upon the load- 
displacement response of a circular footing under purely moment loading 
at0 vlFv= 0.5. 
This shortcoming presents an impediment to the accurate determination of a 
footing's failure capacity under combined loading. Nominally the development of 
residual loads can be controlled by reducing the magnitude of the incremental 
boundary conditions. Thus in order to avoid unacceptable increases of residual 
loads, the incremental loads can be reduced, or 'dummy increments' employed 
as described in Section 2.4. Attempts to use these approaches were not effective 
in controlling the residual loads for the case of the Fourier-Series analyses 
described here. 
An alternative solution to defining the failure surface would be to undertake 
displacern e nt-control led probes at various &u/AO ratios instead of the present 
system of load-control. Figure 7-16 shows the failure envelope traced using 
displacement-controlled probes for the case of a flat, rough, circular footing with 
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adhesion at Qv/Fv=0.0. The envelope of values compares well to that deduced 
later in Section 7.3.2 using load-controlled analyses. 
A precisely defined failure envelope is not evident from the results obtained using 
displacement control for Qv/Fv=0.5, as presented in Figure 7-17. Here the 
failure points suggest an envelope that is significantly greater than those 
determined using load-control. The decision was therefore made to not proceed 
with any further displacement-controlled probing analyses. 
Pure rotation k. 8 
0.6 
C; 0.5 
0.4 
0.3 
0.2 
0.1 
0 
Au/AO=0.513 
AL 
Z Au/AO=2.0 
Au/AO 5.0 
0.0 0.2 0.4 0.6 0.8 
FHVM/ASU 
1.0 
Envelope deduced 
from load-controlled 
analyses 
Purely horizontal 
displacement 
I 
Figure 7-16 Comparison of the bearing capacity envelope obtained for a 
flat, rough circular surface footing at QvlFv=0.0 using load-controlled and 
displacement-controlled finite element analyses. 
0.8 
0.7 
0.6 
0.5 
0.4 
x 
ILL 0.3 Uý. 
0.2 
0.1 
0 
1 1 
ý- ýp 
1 
- 
IAU o=O. 5e 
1 7-- AU) 
17 
0 0.2 0.4 0.6 0.8 1 
FHVm/ASu 
AO=l 0.0 
Envelope deduced 
from load-controlled 
analyses 
Figure 7-17 Comparison of the bearing capacity envelope obtained for a 
flat, rough circular surface footing at QvlFv=0.5 using load-controlled and 
displacement-controlled finite element analyses. 
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As stated previously, applied incremental loads close to failure generate 'residual 
loads' (described in Section 2.4). It would therefore seem reasonable that the 
rate of increase in the residual loads during the analysis should give insights into 
the point at which failure may be judged to occur. 
Attempts were made to relate the increment at which failure occurs to either the 
point at which the residual loads exceed a certain value, or to the increase in 
residual loads, as illustrated in Figure 7-18 for the case of Ov/Fv=0.5 and r=0.0. 
It is evident that the residual loads increase linearly for applied moments in 
excess of a certain value. This would suggest that if this linear section is back- 
projected to the Qmv/ADSu axis, this would give a good estimate of the point at 
which the excess residual loads are initiated which should, in turn, correspond to 
the failure load. 
Later interpretation in Section 7.3.2 of the moment-rotation response of the 
footing described in Figure 7-18 estimates the actual Qmv/ADSu value at failure 
(=Fmv/ADSu) to be 0.640. 
160 
140 
' 120 
je 
100 
60 
Ir. 40 
Qmv/ADS,, = 0.635 @1 20 Residual Load = 10 1 ............ 0 ; =-- i 
0.62 0.63 
Qmv/ADSu=0.639 at 
Residual Load =0 
#4 0.64 0.65 0.66 
Qmv/ADS, 
Figure 7-18 Two possible methods for the Identification of failure by 
examination of the generation of residual loads throughout the analysis for 
the case of a flat, circular footing undergoing purely moment loading at 
0 vlFv-- 0.5. 
The above method of simply using the back-projected intercept of the residual 
load increase line with the Qmv/ADSu axis appears to produce reasonable 
estimates of failure loads, however it was discounted as the relatively arbitrary 
approach of defining failure was insufficiently rigorous for the Author to have full 
confidence in its performance. 
Section 7 
Page 268 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
Additionally, as some analyses (generally when Ov/Fv<0.4) terminated before 
failure was reached (with small residual loads) due to a lack of numerical 
convergence, the above method could not be consistently applied to all analyses. 
Instead, the load-displacement response of each footing under combined loading 
is examined in order to determine the best estimate of the failure capacity. 
In Section 4.3 it was noted that the stiffness degradation curve for a footing 
undergoing vertical loading can be represented by a simple four-parameter 
model, where the tangential stiffness reduces in a log-linear fashion in the plastic 
phase, as in Figure 4-24 - repeated below for convenience as Figure 7-19. 
K, 
log(K, ) c 
Figure 7-19 Illustration of the proposed four-parameter model of stiffness 
degradation. 
The above behaviour is also found to be true for the combined loading of axi- 
symmetric footings. Figure 7-20 and Figure 7-21 show, as an example, the 
stiffness degradation responses of a circular footing under no vertical load 
subjected to combined loading with load ratios (r) of 0.0 and 1.3 respectively. In 
both examples the analysis halted just before the failure capacity was reached, 
due to a lack of convergence, with satisfactorily low residual loads. 
Discussion of the stiffness degradation curves are limited here to their use for the 
identification of failure capacities. Further details of their shape and application in 
design are covered in Section 8. 
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Figure 7-20 Rotational stiffness degradation curve for a circular footing at 
zero vertical load undergoing purely moment loading (r=0.0). 
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Figure 7-21 Horizontal stiffness degradation curve for a circular footing at 
zero vertical load undergoing combined loading with a load ratio, r, of 1.3. 
For the analyses that continued to accept loading in excess of their true failure 
capacities, the incremental loading is sustained by residual loads within the 
mesh, causing the load-displacement curve to continue increasing indefinitely. 
Consequently as residual loads accumulate, the degradation of foundation 
stiffness will reduce, causing the stiffness degradation curve to depart from the 
log-linear behaviour, as is evident from Figure 7-22 for the case of a circular 
footing at Qv/Fv=0.5 under purely moment loading, discussed in Figure 7-18. In 
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the example shown in 
approximately O. W. 
10 -r-- 
. --% 
1 
CD 
cr 
< 
0.01 
Figure 7-22 this occurs at a footing rotation of 
AQm/(GR'AO ) 
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loads 
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Figure 7-22 Stiffness degradation curve for a circular footing undergoing 
purely moment loading at ovlFv=0.5. 
In such cases, the hypothesis is made that the true failure load can be obtained 
by forward-projecting the best-fit log-linear stiffness degradation (shown by the 
grey line in Figure 7-22) in order to construct the 'correct' load-displacement 
response of the footing that would be produced should the residual loads not 
have increased. This can then be used to determine the ultimate capacity. 
The process by which this is implemented is described in detail as follows for the 
above example of a circular footing undergoing purely moment loading at a 
vertical load ratio, Qv/Fv=0.5: 
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1. Using load-displacement response, 
plot stiffness degradation curve. 
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2. Identify the region over which a log- 
linear response is evident. 
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3. Fit a relationship to the stiffness 4. Identify the point (displi .. it) at which 
degradation in the log-linear region the stiffness degradation departs 
(m=10.2 & c=6.6 here). from this log-linear response. 
0.7- 
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0.1 
Reconstructed 
load-displacement 
curve using log- 
linearresponse 
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5. Replace the load-displacement 
curve for displacements greater than 
displir, it by constructing incrementally 
the load-displacement curve using 
the stiffness relationship determined 
from the log-linear function using: 
AQ,,,, = IO(C-MO)AO 
W: k 4 + 
0.1 0.2 0.3 0.4 
Footing rotation, 0 (degrees) 
10000 
--o> 
1000 
100 -4 
-+ 10 
0.5 
6. Where necessary (not required in 
this example) add extra 0 values to 
extend the new load-displacement 
curve to sufficiently large 
displacements such that the 
ultimate capacity can be 
determined. 
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This procedure can also be applied to the results of analyses that terminated 
before failure was reached due to lack of convergence, such as those in Figure 
7-20 and Figure 7-21. Here the load-displacement curve can be extrapolated 
beyond the data provided by the analyses by using the best-fit log-linear stiffness 
degradation as illustrated in Figure 7-23. The resultant load-displacement curve 
can then be used to determine the failure capacity, in this case FL4/ADS,, =0.69. 
Fm O. Z 
ADS,, 
0.6 
0.5 
C9 0.4 
0.3 
0.2 
0.1 
0 
Extrapolated load- 
displacement curve 
using log-linear 
response 
AQM 
=I O(C-Mig) AO 
10000 
1000 
100 
10 
0 0.05 0.1 0.15 0.2 
Footing rotation, 0 (degrees) 
CD 
:2 
E 
z 
0 
Figure 7-23 Determination of the failure capacity from an analysis (circular 
footing, OvlFv--O. O,, r=0.0) that terminated prematurely through the use of the 
log-linear stiffness degradation model (m=22, c=7.64). 
For each analysis, the failure capacity can be estimated independently by 
examining both the horizontal load-displacement, and the moment-rotation 
responses of the footing, providing a check for consistency. 
For low r values, i. e. where moment loading dominates, the ability of the 
horizontal load-displacement curve to indicate failure reduces. In addition it is 
common for the direction of the footing's horizontal movements to reverse at very 
low horizontal loads under combined horizontal-moment loading. 
Similarly at high r values, i. e. where horizontal loading is dominant, the moment- 
rotation response cannot be reliably used to estimate the failure capacity due to 
the negligible footing rotations that occur. 
The above features are more evident at low Ov/Fv ratios, and illustrative 
examples are provided in Figure 7-24 for the case of a circular footing at 
Ov/Fv=0.2. 
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a) r=0.5: b) r=5.0: 
0.4 
0.3 
0.2-- 
0.1 -- 
0.0 
IZ 
0.00% 0.01% 0.02% 
u/D 
0.20 
0.10 
0.05 
0.00 
0.03% 0.04% 0.00 0.01 0.02 0.03 0.04 
Footing rotation (degrees) 
Figure 7-24a) Horizontal load-displacement response of a circular footing at 
ovlFv=0.2 under predominantly moment loading, and b) the moment- 
rotation response of the same footing under predominantly horizontal 
loading. 
Thus, as indicated in Figure 7-25, the final deduced bearing capacity envelope is 
a fusion of the failure loads deduced by the two responses (O-QMVH and u/D- 
()HVM). A close correlation between the failure capacities deduced from the 
horizontal load-displacement and moment-rotation responses was observed for 
the majority of load and footing combinations investigated in this thesis, 
especially at higher Qv/Fv ratios. The consistency between the methods gives 
confidence in the resulting bearing capacity envelopes. 
For some load combinations, it was not possible to determine the failure load 
from the horizontal load-displacement and moment rotation responses. For these 
few cases, no value is offered in the tabulated bearing capacities values 
presented later in Appendix 11 to Appendix 19. 
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Discounted 
as erroneous 
Ultimate capacity from 
moment-rotation data 
Ultimate capacity from 
horizontal load- 
displacement data 
/ 
/ -' 
/- 
0.0 
Deduced failure 
envelope 
Horizontal load- 
displacement data 
more more accurate I 
0.0 0.2 0.4 0.6 0.8 
QHVM/ASU 
Figure 7-25 Derivation of the final bearing capacity envelope for a circular 
footing at QvlFv--O. B based on the analysis of both the moment-rotation and 
horizontal load-displacement responses. 
7.3. RESULTS 
7.3.1 Valiclatory analyses 
Before determining the full bearing capacity envelope under combined loading, 
circular footings were first modelled under uni-axial vertical, horizontal and 
moment loading in order to check the resulting bearing capacities against the 
relevant published solutions. 
The back-calculated bearing capacity factor, scNc, is first checked against the 
value of 6.11 previously established using an axi-symmetric analysis in Section 
3.4. As vertical loading of the footing in Fourier-Series-Aided analyses does not 
require or induce any out-of-plane loads or displacements, the resulting shape 
factor should be identical. The load-displacement curves are compared in Figure 
7-26, and confirm the two analyses produce an identical load-displacement 
response and ultimate bearing capacity. 
Section 7 
-Pa-, ge 
275 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
7-- 
s, N, 
6-- 
5-- 
4-- 
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u - -a re 
7-26 Comparison of the vertical load-displacement response of a 
rough circular surface footing using axi-symmetric 2D and Fourier Series 
Aided 3D analyses. 
The use of Fourier Series Aided analyses does not therefore produce any 
appreciable effect on the vertical capacity of an axi-symmetric footing, as would 
be expected. 
The bearing capacity of a circular footing under purely horizontal and purely 
moment loading is examined in Figure 7-27 to Figure 7-30 with load and 
displacement controlled analyses using both 6 and 12 Fourier harmonics. Note 
that for these checks footing-soil adhesion is assumed throughout. 
As the loading in each case is uni-axial the displacement-controlled analyses 
provide a check as to the accuracy of the load-controlled analyses and the 
method of estimating the failure capacities as described in the previous Sub- 
Section. The use of both 6 and 12 Fourier harmonics provides a check as to 
whether six harmonics are sufficient to accurately model the combined loading of 
spudcans. 
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Figure 7-27 Comparison of the ,w 
horizontal load-displacement 
response of a rough circular surface 
footing using load-controlled 
Fourier Series analyses with 6 and 
12 harmonics 
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0.0 Wiii 
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Figure 7-29 Comparison of the 
horizontal load-displacement 
response of a rough circular surface 
footing using load and 
displacement-controlled Fourier 
Series analyses with 6 harmonics. 
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Figure 7-28 Comparison of the 
moment-rotation response of a 
rough circular surface footing using 
load-controlled Fourier Series 
analyses with 6 and 12 harmonics 
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Figure 7-30 Comparison of the 
moment-rotation response of a 
rough circular surface footing using 
load and displacement-controlled 
Fourier Series analyses with 6 
harmonics. 
In each of the above analyses, those using 6 harmonics produced identical 
results to those with 12 harmonics, confirming that 6 harmonics are suitable for 
the proceeding parametric studies. 
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The load-displacement responses of the load and displacement-control led 
analyses were similarly coincidental, however the load-controlled analyses 
terminated before failure was achieved due to lack of numerical convergence for 
the reasons stated in Section 2.4. In each of the load-controlled cases the failure 
capacity was subsequently determined by extrapolating the load-displacement 
curve using the methodology described in the previous Sub-Section. The 
resulting estimated horizontal failure capacities are within 2.3% of the 
corresponding values from displacement-controlled analyses, as detailed in 
Table 7-4. The estimation of horizontal failure capacities under no vertical load is 
particularly difficult as the load-displacement response is practically elastic- 
perfectly-plastic, as observed in Figure 7-29. This is due to failure occurring 
instantaneously as the shear stresses along the soil-footing interface 
simultaneously equal the undrained shear strength of the soil. 
The moment capacities deduced from the load-controlled analyses are virtually 
identical to those observed from the displacement-controlled analyses. 
Load-controlled Displacement-control led 
6 Fourier 
harmonics 
12 Fourier 
harmonics 
6 Fourier 
harmonics 
12 Fourier 
harmonics 
FHIASu 1.054* 1.054* 1.030 1- 030 
F"IADSu 0.688* 0.688* 0.689 
N9 
*- Determined via extrapolation of the load-displacement curve using tne log- 
linear stiffness degradation method described in Section 7.2.5. 
Table 7-4 Uni-axial failure capacities determined from Fourier Series Aided 
finite element analyses. 
The load-displacement curves extrapolated based on the data obtained in the 
load-controlled analyses are therefore concluded to be in good agreement with 
those obtained directly from the displacement-controlled analyses, plotted in 
Figure 7-31 and Figure 7-32. 
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QH/ASu 
0.8 
0.6 
0.4 
0.2 
0.0 
0.00% 
-Extrapolated from Load- 
controlled analysis data 
+ Data from Displacement- 
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Figure 7-31 Comparison of the horizontal load-displacement curves 
determined by extrapolation of the results of a load-controlled analysis and 
directly from a displacement-controlled analysis. 
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Figure 7-32 Comparison of the moment-rotation curves determined by 
extrapolation of the results of a load-controlled analysis and directly from a 
displacement-controlled analysis. 
-Extrapolated from Load- 
controlled analysis data 
+ Data from Displacement- 
controlled analysis 
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The exact solution for the ultimate horizontal capacity of a rough, circular footing 
is simply equal to the footing area multiplied by the shear strength of the soil as 
failure will occur by simple shearing along the footing-soil interface, as denoted in 
Eq. 7-3. 
FH 
= 1.0 Eq. 7-3 AS,, 
The back-calculated FH/ASu values listed in Table 7-4 therefore represent an 
overprediction of the exact solution. The displacerne nt-contro I led values would 
appear to illustrate that some of the errors are due to the discretisation of the soil 
domain, whilst the additional inaccuracy incurred in the results from the load- 
controlled analyses would appear to be due to the method of determining the 
footing's failure capacity from the stiffness degradation curve. As noted earlier, 
the load-displacement curve for purely horizontal loading case is particularly 
curtailed causing the resulting extrapolated estimate of the failure capacity to be 
less accurate than for other loading combinations and, as such, represents the 
worst anticipated performance of the extrapolation method. 
Table 7-5 compares the value of FH/AS,, obtained here with those obtained using 
finite element analysis by other researchers. 
Study FHIAS,, 
Present study - load controlled 1.05 
Present study - displacement controlled 1.03 
Bransby & Randolph (1998) 1.03 
Taiebat & Carter (2000) 1.02 
Gourvenec & Randolph (2003a) 1.02 
Table 7-5 Comparison of values of Fjj1ASu found by finite element analysis 
by other researchers to those obtained here. 
With respect to uni-axial moment loading an exact solution does not exist for the 
case of a circular footing. Murff & Hamilton (1993) suggest an upper bound 
solution that assumes the failure surface to be the sector of a sphere. The 
resulting normalised expression for the failure capacity is given in Eq. 7-4. 
Ft, f ,=0.67 Eq. 7-4 ADS. 
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The values of Fm/ADSu using load and displacement-controlled analyses are 
compared here with those obtained by other authors in Table 7-6. The 3% 
overprediction encountered here is considered satisfactory and commensurate 
with that found by Gourvenec & Randolph (2003a). 
Study Fm/ADS,, 
Present study - load controlled 0.69 
Present study - displacement controlled 0.69 
Gourvenec & Randolph (2003a) 0.69 
Taiebat & Carter (2000) 0.80 
Table 7-6 Comparison of values of FmIADSj found by finite element analysis 
by other researchers to those obtained here. 
At this point it is worth noting that the work of Taiebat & Carter (2000) appears to 
contain significant inaccuracies: 
A shape factor of 1.11 is back-calculated from their analysis of purely 
vertical loading. The authors state that this value compares favourably to 
the exact solution of Shield (1955) for a smooth circular footing, however 
the boundary conditions specified are for a perfectly rough footing. The 
deduced shape factor therefore actually represents a 5.8% 
underprediction of the relevant exact solution of Eason & Shield (1960). 
2. The value of Fm/ADSu reported by the authors is 19% greater than the 
upper bound solution of Murff & Hamilton (1993) and 16% greater than 
the values obtained by Gourvenec & Randolph (2003a). This could either 
be ascribed to the difficulties in determining the failure capacity, as 
described by Taiebat & Carter, or to their use of a relatively coarse finite 
element mesh, shown in Figure 7-33. In their study neither the vertical 
load-displacement curve nor the moment-rotation curves exhibited a 
clearly defined ultimate load, and instead the failure capacity was 
determined as the point at which the maximum horizontal load was 
achieved. In order that sliding occurs for uni-axial vertical or moment 
loading a small horizontal load was also applied. 
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SI 
Figure 7-33 Finite element mesh used In the study reported by Taiebat & 
Carter (2000), from Taiebat (1999). 
3. It is unclear as to the reason for the brittle horizontal load-displacement 
response of the footing encountered in their analyses. Given the 
elastoplastic Tresca soil model used in the study, and the assumption of 
full footing-soil adhesion, there is no reason for the horizontal load to 
reduce. This particular feature is especially curious as the combined 
loading of the footing is applied using a load-controlled approach. 
For the above reasons, the results of Taiebat & Carter (2000) are not used as a 
comparative reference to the data presented in this Section. 
7.3.2 Circular footings with soil-footing adhesion 
The suite of bearing capacity envelopes obtained at various Ov/Fv ratios for the 
analyses of a circular footing with full soil-footing adhesion are presented in 
Figure 7-34, and in tabular form in Appendix 9. 
The failure envelope is broadly consistent with that determined by Gourvenec & 
Randolph (2003a), with the greatest FHv and Fmv values occurring at ov/Fv=O, 
both reducing to zero at Ov/Fv=1.0. The failure envelopes become more peaked 
at lower Ov/Fv ratios, with the greatest curvature occurring for a load ratio, r, of 
1.2. For Ov/Fv ratios less than 0.6 the uni-axial horizontal capacities appear to 
converge to a value of FHvm/AS,, of 0.95, whilst the uni-axial moment capacity 
increases with decreasing vertical load ratio. 
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Figure 7-34 Bearing capacity envelope for a rough circular surface footing 
allowing full soil-footing adhesion, as deduced from the finite element 
analyses undertaken in this study. 
The maximum moment capacity, FMVHmaxt occurs at an r value of approximately 
0.9 rather than at zero horizontal load, as has also been observed by Gourvenec 
& Randolph (2003a) and others. Similarly the curves corresponding to Qv/Fv 
ratios of 0.0 and 0.2 exhibit normalised horizontal capacities (FHvm/ASu) greater 
than unity. Both of these phenomena can be explained with reference to Figure 
7-35. For undrained conditions, purely horizontal loading produces a slight 
counter-clockwise footing rotation, thus the maximum combined bearing capacity 
will occur under a combination of positive horizontal load and clockwise moment, 
producing the form of curve shown in Figure 7-34. This effect is less significant at 
vertical load ratios greater than 0.7 whereupon the maximum moment capacity 
occurs for purely moment loading, i. e. r=O. Similarly the maximum horizontal 
capacity occurs at non-zero moment loading for vertical load ratios less than 0.4, 
as purely horizontal loading induces footing rotation (due to undrained conditions 
and the failure mechanism is not purely simple shear along the soil-footing 
interface). 
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"""briginal 
sojil Soil movementý- 
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Figure 7-35 Undrained soil movements beneath a surface footing 
undergoing purely horizontal loading. 
It is interesting to compare the normalised bearing capacities obtained here for 
circular footings with those obtained in Section 6.3.2 for strip footings. Bransby & 
Randolph (1998) and Gourvenec (2003) suggest, as in Figure 7-36, that the 
normalised results are sufficiently similar that the normalised results from strip 
footing analyses may be used as design guidelines for circular footings. Figure 
7-37 shows the variations of purely horizontal and moment bearing capacity 
observed for various vertical load ratios are reasonably similar for both 
geometries, particularly for horizontal loading. Note that the moment capacity 
curve for a strip footing shown here is not exactly geometrically similar to that of 
the circular footing as suggested by Gourvenec & Randolph (2003b). 
II 
Of 
0f 
C4 
02 
0 
Cu cular foottng 
u4u4u0u5 VerbcaJ bad, VIVO 
* Note that the data presented in the above figure are for footings on a 
heterogeneous soil with a normalised increase of undrained strength with depth 
of kB/Su=6.0, as defined in Section 3.6. 
Figure 7-36 The suggested similitude In the normallsed combined bearing 
capacities of strip and circular footings by Bransby & Randolph (1998), 
taken from their original paper. 
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Figure 7-37 Variation of normallsed horizontal and moment capacities with 
vertical load ratio for strip and circular surface footings with full footing- 
soil adhesion. 
Significant discrepancies are evident, however, when the normalised bearing 
capacity envelopes are plotted in the FmvH/B 2S , -FHvm/13S, ý and FmvH/ADS,, - 
FHvm/AS,, planes for strip and circular footings respectively. This is shown in 
Figure 7-38 for vertical load ratios, Qv/Fv, of 0.0,0.5 and 0.8. 
0.8 ,-0WýII 
ov /Fv=0.0 
0.6 - 
I Ov/Fv=0.51 
> 
0.4 0 
C; C3 
Ov/Fv=0.8 
> 0.2 
LL2 
0.0 !iii 10 iI I" 
0.0 0.2 0.4 0.6 0.8 1.0 
FHvm/AS,, or FHvm/BS,, 
Figure 7-38 Normallsed combined bearing capacity envelopes for strip 
(square symbols) and circular surface footings (lines) with full footing-soil 
adhesion for OVFv=0.0,0.5,0.8. 
This lack of parity between the normalised responses precludes meaningful 
comparisons of the data obtained here for axi-symmetric footings with those 
obtained from analyses by other authors of plane-strain footings. 
Fv= 
Ov/Fv=0.5 
Ov/Fv=0.8 
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Furthermore equivalent plane-strain analyses cannot be used in order to model 
more complex geometries, such as conical spudcan footings. Whilst the 
computational efficiencies of such comparisons are attractive, the utility of 
applying the above simplification to practical problems would appear to be 
limited. 
When viewed in the FHv/AS,, -Qv/Fv plane (i. e. Qm=O), as in Figure 7-39 and 
Figure 7-40, the effect of vertical load level upon the horizontal capacity can be 
established. The results obtained here can be compared with the predictive 
equations of Hansen (1970) - Eq. 7-5, Vesic (1975) - Eq. 7-6, and Bolton (1979) - 
Eq. 7-7 (modified for application to a circular geometry), the data of Gourvenec & 
Randolph (2003a), and the relevant ISO (which uses Hansen's formulation) and 
SNAME standards. 
QV 
= 
s, 
(I -ýIFH) 
Eq. 7-5 
Fv SC 
Qv. 
=sc (2+; r)-l. 5 Eq. 7-6 Fv 
I (t )] 
1+; r-sin' 
QHv 
+I 
Eq. 7-7 QV FH 
) 
Fv 2 +; r 
Where: Fv=scNcAS,,, FH=AS,, sc=1.18 (from Section 3.4) 
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Figure 7-39 Comparison of the variation of normalised horizontal capacity 
(FHvIASu) with vertical load level (OvlFv) for a rough circular surface footing 
allowing full footing-soll adhesion obtained in the present study with those 
predicted by Hansen (1970), Vesic (1975) and Bolton (1979). 
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Figure 7-40 Comparison of the variation of normalised horizontal capacity 
(FHvIASu) with vertical load level (OvlFv) for a rough circular surface footing 
allowing full footing-soll adhesion obtained In the present study with those 
deduced by Gourvenec & Randolph (2003a) and prescribed by the SNAME 
(2002) and ISO (2003) design codes. 
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The failure capacities determined from the horizontal load-displacement 
responses of the finite element analyses undertaken here are in good agreement 
with the above relations, lying slightly below the general trend. The SNAME 
(2002) recommended practice overestimates the available horizontal capacity at 
high vertical load ratios, and the simple, bilinear model of Vesic is not supported 
by any other study. It is apparent from both Figure 7-34 and Figure 7-39 that the 
capacity observed for purely horizontal loading (i. e. Qv=O & Qm=O) is unusually 
high, confirming the earlier assertion that this particular estimate is questionable 
due to the curtailed horizontal load-displacement curve resulting from the 
analysis of that specific load combination. The normalised horizontal capacities 
(FHv/ASu) deduced for Qv/Fv=0.2 & 0.4 of 0.98 are deemed more accurate as 
they are determined from sufficiently complete horizontal stiffness degradation 
curves. 
A quartic equation of best-fit, Eq. 7-8, provides an excellent representation of the 
data in the FHv/AS,, -Qv/Fv plane obtained here as shown in Figure 7-41 which, 
given the uncertainty of the value at Ov/Fv=O, equals unity at zero vertical load. 
c ! L)2 
43 
. 
LHV 
=a 
ýZv 
+b 
kv- 
+ 
gv 
+d +e Eq. 7-8 EV, 
)( 
Fv v( Fvv 
v kv 
AS. 
( 
F. Fv 
Where for FHv/AS,, = 1.0 at Ov/Fv=0.0: 
-3.533, b=3.826, c= -1.369, d=0.081, e=1.000 
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9 Finite element analysis data 
- Eq. 7-8 
0.0 0.2 0.4 0.6 0.8 1.0 
Ov/Fv 
Figure 7-41 Comparison of the failure capacities obtained from the present 
finite element analyses with those predicted by Eq. 7-& 
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When the results of Figure 7-34 are viewed in the Qmv/ADSu-Qv/Fv plane (i. e. 
()H=O) as in Figure 7-42, the variation of moment capacity with vertical load level 
can be compared With the predictions of Hansen (1970) - Eq. 7-9 (using the 
effective width specified by the American Petroleum Institute's (1993) RP2A 
design code, Eq. 7-12) and Murff (1994) - Eq. 7-13. The finite element data 
shows a good correlation with Hansen's formulation for vertical load ratios 
greater than 0.5, however as Hansen's solution assumes no soil-footing adhesion 
the moment capacity reduces for C)v/Fv < 0.484. The moment capacities deduced 
from the analyses presented here continue to increase above the value obtained 
for Ov/Fv=0.5 for lower Ov/Fv ratios. 
The moment capacities predicted by Murff's expression are consistently lower 
than the data from the present study, suggesting that Eq. 7-13 is an over- 
simplification of the true behaviour of a circular footing under this type of 
combined loading. 
Qv 1+ 0.2(B'/ L) A', 
Eq. 7-9 Fv 1.2 
)A 
where: 
B' R. Eq. 7-10 
+e 
e= 
Fmv 
Eq. 7-11 QV 
A'=; zR2-2eNFR7'-e2-2R 2 sin-'(e/R) Eq. 7-12 
A'= I 2eVR2- e2-2R 
2 sin-(e/R) 
A , dz 2 
from the American Petroleum Institute (1993) RP2A design code 
Fmv 
=, _(Qv Eq. 7-13 Fu 
(gFv-) 
Where: Fv=scNcAS,,, Fm=0.67ADS,, sc=1.18 from Section 3.4, R= footing radius, 
A=7ER 2 
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Figure 7-42 Comparison of the variation of normallsed moment capacity 
(FmvlADSu) with vertical load level (QvlFv) for a rough circular surface 
footing allowing full footing-soll adhesion obtained In the present study 
with those predicted by Hansen (1970) and Murff (1994). 
Figure 7-43 compares the results of the present study with the data obtained by 
Gourvenec & Randolph (2003a) and the ISO (2003) and SNAME (2002) design 
codes. Note that for comparison with the SNAME code, a soft clay soil is 
assumed in order to presume the likelihood of full soil-footing adhesion occurring. 
The data from the finite element analyses of the present study and of Gourvenec 
& Randolph (2003a) show good agreement. The SNAME code appears to 
produce a conservative estimate for the moment capacity at low vertical load 
ratios, being capped at Fmv/DFv=0.1. There is little value in comparing the 
present study with the ISO standard, which follows Hansen's solution, as there is 
no facility for allowing soil-footing adhesion. A comparison is made later on in 
Section 7.3.3 (Figure 7-55) where boundary conditions compatible with Hansen's 
assumptions for soil-footing separation under moment loading are modelled. 
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Figure 7-43 Comparison of the variation of normallsed moment capacity 
(FmvIADS,, ) with vertical load level (QVIFv) for a rough circular surface 
footing allowing full footing-soll adhesion obtained in the present study 
with those deduced by Gourvenec & Randolph (2003a) and prescribed by 
the SNAME (2002) and ISO (2003) design codes. 
A quartic equation of best-fit, Eq. 7-14, provides an excellent representation of 
the failure envelope in the Fmv/ADSu-Qv/Fv plane obtained here, as shown in 
Figure 7-44. 
43 
F 
,, fv =a v) +b(Fv +c(Qv)'+d 
Qv 
+e Eq. 7-14 ADS. Fv V Fv 
(gFvv kv 
T 
Where: a= -1.170, b 0.854, c -0-300, d -0.075, e=0.690 
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Figure 744 Comparison of the failure capacities obtained from the present 
finite element analyses with those of Eq. 7-14. 
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The 'peak-function' formulation, described in Section 6.3.2 and derived in 
Appendix 7 for strip footings, again provides a useful framework for describing 
the bearing capacity envelope of circular footings under combined loading. 
Estimates of the horizontal and moment capacities for a given vertical load level 
can be calculated using Eq. 7-8 and Eq. 7-14 respectively. The 'peak function' is 
then defined by the angle at which the peak occurs, and the magnitude of the 
peak. These values are determined from analysis of the bearing capacity 
envelopes in Figure 7-34 and are shown in Figure 7-45 alongside the simple 
quadratic relationships, Eq. 7-15 and Eq. 7-16, for 0,. A and r;,, ak respectively. 
Opeak =a v2 +b(Qv 
)+c gv-) ( 
Fv (TV Eq. 7-15 
where: a= -76.6, b= 29.7 and c= 38.7 
2 
Rt 
rp,.. k=a v) + b( Fv 
+c v 
EýV- 
) 
Eq. 7-16 
where: a= -0.826, b=0.100 and c=0.412 
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Figure 7-45 Variation of the peak angle, epeak, and peak magnitude, rpeak, 
with vertical load level for a rough circular surface footing allowing footing- 
soll adhesion. 
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The resulting predicted bearing capacity envelopes for a number of vertical load 
ratios are shown in Figure 7-46, and show a reasonable agreement. There are, 
however, slight inaccuracies for Ov/Fv=0.0 and for QHvm/ASu values greater than 
unity. The predictive framework underpredicts, by a few percent, the bearing 
capacity in this region and is hence conservative. 
Inaccuracies are also apparent at vertical load ratios greater than 0.7. This is due 
to the envelopes being 'flatter' than elliptical, essentially exhibiting a negative 
peak. Whilst this can be accommodated by the framework, difficulties would arise 
due to the sudden change in E)p.,, k required: from 19 , for Ov/Fv=0.7, to a value of 
around 5011 required for Qv/Fv>0.7 for the negative peak. This sudden change 
would preclude a simple relationship for E)p. A with vertical load level, such as Eq. 
7-15, thus it has not been adopted, leading to the errors visible for Qv/Fvý: 0.8, 
interestingly this discrepancy is not encountered in Section 7.3.4 for conical 
footings. 
QmvH/ADSu 
0.8 
Ov/Fv=0.0 
0.7 
aE 
0.6 
0.5 
II Ov/Fv=0.41 
Qv/Fv=0.2 
00vv//FFvv=--00.46L 
0.4 
0.3 
0.2 
111 
0.1 
£ 
0.0 
0.0 0.2 0.4 0.6 0.8 1.0 
QHVm/AS,, 
Figure 7-46 Comparison of the vertical-horizontal-moment bearing capacity 
envelopes determined from finite element analyses (points) and those 
predicted using the peak function method (curves). 
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7.3.3 Circular footings without soil-footing adhesion 
The ISO (2003) design guidelines for offshore foundations do not permit soil- 
footing adhesion under moment loading, and instead recommend Hansen's 
method of analysis for the determination of combined bearing capacities. 
Similarly the SNAME (2002) recommended practice advises that adhesion 
should not be relied upon for spudcans resting upon stiff clays, regardless of 
embedment depth. 
This Sub-Section reports the results of a parametric study of a rough circular 
surface footing for the case where soil-footing adhesion is not permitted, and 
compares the results with the above design codes' predictive equations and 
similar studies undertaken by other researchers. 
In order to prevent tensile total stresses developing between the footing and the 
soil, zero-thickness interface elements are applied at the footing-soil interface, as 
described in Section 3.3. The constitutive model for these elements specifies that 
the normal and shear stiffnesses become zero once a threshold tensile normal 
total stress is exceeded, effectively allowing either side of the interface element 
to displace independently as would happen if separation occurred. In the 
analyses described here, this threshold is OkPa, thus preventing any tensile 
normal total stresses from occurring. Should compressive normal total stresses 
re-occur after footing-soil separation, the elements will close and regain their 
original stiffnesses. 
Soil-footing separation is illustrated in Figure 7-47 for the example of a footing 
being given moment loading at a vertical load ratio (Qv/Fv) of 0.5. 
Figure 7-47 Example of soil-footing separation for a circular surface 
footing, OvlFv=0.5, r=0.0 (displacements shown at 48Y scale). 
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The finite element analyses described in this Sub-Section are otherwise identical 
to those described in the previous Sub-Section using the same method of 
determining the resulting ultimate capacities. 
The failure envelopes obtained are shown in Figure 7-48 and listed in Appendix 
17. 
o. 7 
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0.1 
0.0 
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x 
x 
0.0 0.2 0.4 0.6 0.8 1.0 
FHVM/ASu 
A 0.2 
* 0.4 
0 0.5 
C3 0.6 
X 0.8 
Figure 7-48 Combined bearing capacity envelope for a rough circular 
surface footing allowing soil-footing separation to occur. 
The above failure envelope is distinctly different from that shown in Figure 7-34 
for the case where soil-footing adhesion is permitted. Here the shape of the 
envelope is approximately parabolic, and practically symmetrical about the 
Qv/Fv=0.5 axis (as the data for Qv/Fv=0.4 & 0.6, and 0.2 & 0.8 are practically 
coincidental). Note that the scatter present in the data for Ov/Fv=0.2 is due to the 
shortened load-displacement responses observed for many of the analyses, 
leading to uncertainties in the determination of the failure capacities. 
The results obtained from the present finite element analyses proffer themselves 
for comparison with those of other authors. With respect to combined vertical- 
horizontal loading, the bearing capacity envelope is of a parabolic form that is 
well represented by the SNAME (2002) design code, as illustrated in Figure 7-49. 
Section 7 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
1.0 
0.8 
aO. 
6 
U. 0.4 
0.2 
0.0 
* Present Study 
SNAME (2002) 
-. +-ISO (2003) 
0.0 0.2 0.4 0.6 0.8 1.0 
Ov/Fv 
Figure 7-49 Comparison of the failure envelope deduced from the finite ,w 
element analyses in the hofizontabvertlcýl loading plane and that predicted 
by the SNAME (2002) and ISO (2003) design codes. 
As a FHv/ASu value of unity was not encountered in any of the finite element 
analyses, the quadratic equation of best-fit to the present data is as described in 
Eq. 7-17, with the quality of fit as illustrated in Figure 7-50. 
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Figure 7-50 Comparison of the failure envelope deduced from the finite 
element analyses in the horizontal-vertical loading plane and that predicted 
by Eq. 7-17. 
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) 
Fv 
o Finite element analysis data 
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The reduction in horizontal capacity with vertical load ratio, for Ov/Fv<0.5, 
suggests that footing-soil separation occurs even for purely horizontal loading. 
This is confirmed by examination of the displaced mesh at failure, shown in 
Figure 7-51 where the interface elements have opened between the soil and the 
footing. 
Ov/Fv=0.2: 
Qv! Fy=0.8' 
Figure 7-51 Soil-footing separation at high and low vertical load ratios for 
purely horizontal loading (displacements shown at 48x scale). 
The ISO (2003) design code, based on Hansen's solution, therefore incorrectly 
represents the horizontal bearing capacity for Qv/Fv ratios less than 0.5, as it 
does not include the reduction in capacity that is evident in Figure 7-50. The error 
in prediction is unconservative and would appear to warrant urgent attention. 
In Figure 7-52 the results from the present analyses in the moment-vertical 
loading plane are compared with those obtained by Taiebat & Carter (2002), from 
displacern ent-control led finite element analyses adopting the discrete Fourier- 
Series-Aided approach, and the lower bound estimate of Vesic (1973). The latter 
uses an effective width approach to determine the vertical capacity, as in Eq. 
7-18, with the corresponding shape factor and effective width given by Eq. 7-19 
and Eq. 7-20 respectively. 
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2+7c 
sl =1+0.2 
Tvm-D --'ý -Fmv 
c T, 
W. D+ 2Fmv 
Eq. 7-19 
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where e= Qmv/Qvm 
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Figure 7-52 Comparison of the bearing capacity envelope for combined 
vertical-moment loading deduced from the present finite element analyses 
and that obtained by Taiebat & Carter (2002) and predicted by the lower 
bound formulation of Vesic (1973). 
The results obtained here lie marginally above the lower bound solution of Vesic 
for almost all vertical load ratios, except at 0.1 <Qv/Fv<0.4. This is due to Vesic's 
relationship not possessing symmetry about Qv/Fv=0.5 in contrast to the finite 
element analysis data. The capacities deduced by Taiebat & Carter (2002), 
however, are consistently greater than those from the present study and follow a 
similar trend. 
Examination of the compressive normal stresses across the interface elements 
between the soil and the footing at each harmonic enables the estimation of the 
area of soil-footing contact. This corresponds to the effective area of the footing. 
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For purely moment loading for each vertical load ratio, the point at which the 
normal stress changes from compression to zero is the point at which footing 
separation occurs, and represents the edge of the effective area. When plotted 
for the increment corresponding to failure, as in Figure 7-53, the reduction of 
effective area with vertical load level Is evident. As six harmonics were used to 
discretise the circumferential direction between 0" and 1800 In the analyses 
described above, the resolution of the plot In the circumferential direction Is 30t 
Note also that the moment was applied in the 0=0 11 direction (i. e. about the 0--90 0 
axis). 
0=0 4 
am 90 
1: 
I-Y-j 
180 Qv/Fv 
0 
270 
D 
Figure 7-53 Effective areas at failure for various vertical load ratios for 
purely moment loading of a circular footing where soil-footing separation Is 
permitted 
The above areas have been measured and are plotted In Figure 7-54 as relative 
areas - defined as the effective area divided by the full plan area of the footing. 
Also shown is Eq. 7-20 of Vesic (1973) using the shape factor and moment 
capacities determined from these analyses. The values obtained here from the 
analyses plot significantly above the lower bound solution of Vesic and can be 
well represented by Eq. 7-21, as shown by the curve In Figure 7-54. 
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Figure 7-54 Variation of effective area with vertical load level as deduced 
from the finite element analyses and predicted by Vesic (1973) - Eq. 7.2o. 
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[1+0.763 
1-(Q') 
A Fv- OTV) Eq. 7-21 
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Figure 7-55 compares the bearing capacity envelope in the moment-vertical 
loading plane with those recommended by the SNAME (2002) and ISO (2003) 
design codes. The ISO (2003) standard follows Hansen's effective area method, 
which predicts a maximum normalised moment capacity of 0.617ADSu at 
Qv/Fv=0.484 and is hence not symmetric about Qv/Fv=0.5. 
The parabolic formulation of the SNAME (2002) code provides an excellent 
match to the data obtained here, with Eq. 7-22 providing the equation of best-fit, 
as illustrated in Figure 7-56. 
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Figure 7-55 Comparison of the bearing capacity envelope for combined 
vertical-moment loading deduced from the present finite element analyses 
and that predicted by the SNAME (2002) and ISO (2003) design codes. 
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7-56 Quality of fit of Eq. 7-22 to the bearing capacity envelope 
deduced from the finite element analyses in the moment-vertical load plane. 
A parabolic ellipsoidal equation of best-f it (Eq. 7-23) provides a satisfactory 
overall representation of the complete V-H-M bearing capacities obtained in this 
Sub-Section, as illustrated in Figure 7-57. Significantly, Eq. 7-23 does not contain 
any eccentricity terms, i. e. the major and minor axes of the ellipsoid are 
congruent with the horizontal and moment load axes. This is in contrast to the 
results for the case where footing-soil adhesion is permitted in the present study, 
by other authors and with the model studies of Martin & Houlsby (2000). The 
Section 7 
Pace 301 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
latter, however, used conical model spudcans in their tests - the effect of which 
will be discussed in Section 7.3.5. 
Where: 
2/22 
FH,,, f FmvH - 1-4Q-0.52 =0 
(+I 
Eq. 7-23 F V=0.5 
) 
Fm, 
V=0.5 Fv 
FH, 
V-0.5= FHv at Qv/Fv=0.5 = 0.945AS,, from best-f it relationship of present data 
Fm, V-0.5 = Fmv at Qv/Fv=0.5 = 0.606ADS,, from best-fit relationship of present data 
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Figure 7-57 Comparison of the bearing capacity envelopes deduced from 
the finite element analyses and those predicted by Eq. 7-23 for a rough, 
circular surface footing where soil-footing adhesion Is not permitted. 
The results obtained here for a circular footing are superimposed in Figure 7-58 
upon the summary plot of the model tests reported in Martin & Houlsby (2000) - 
note that in this figure, the horizontal capacities are plotted on the vertical axis. 
The two datasets are in general agreement although the horizontal bearing 
capacities deduced in the present study for high Qv/Fv ratios are significantly 
larger than those of Martin & Houlsby. This is perhaps surprising as the results of 
the model tests would be expected to have higher horizontal capacities as the 
footings used were conical and not flat, circular footings as studied here. 
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Figure 7-58 Comparison of the bearing capacities deduced from the finite 
element analyses of the present study (denoted with a thick, solid line), and 
the bearing capacities deduced from Martin's (1994) model footing tests. 
The original figure is an adaptation of that given In Martin & Houlsby (2000). 
7.3.4 Conical footings with soil-footing adhesion 
The typical geometry of a spudcan foundation is generally conical rather than 
simply a flat-based, circular footing. The tip of the spudcan may either be flat, 
conic or possess a spike, as illustrated in Figure 7-59. 
In elevation: 
Flat-based Conical Spiked 
Figure 7-59 Typical spudcan geometries 
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In this Sub-Section the above work on flat, circular footings is developed to 
investigate the role of the footing shape upon the bearing capacity envelope. 
In all analyses footing-soil adhesion is permitted and the footings are assumed to 
be perfectly rough. 
As the Fourier Series Aided Finite Element Method (FSAFEM) only requires a 2D 
finite element mesh, those employed in Section 3.4 for vertical bearing capacity 
are re-used in this study. As described in Section 6.2.2, the footing itself must be 
discretised, and is modelled here as being elastic and practically rigid by 
adopting an undrained stiffness value U105 times greater than the soil. As an 
example, the detail of the mesh for a spiked spudcan with a cone angle (as 
defined in Figure 3-12) of 15011 is shown in Figure 7-60 with the load application 
point highlighted (as defined earlier in Figure 7-6). 
Figure 7-60 Detail of the finite element mesh used to model a 150 "spiked 
spudcan. 
The procedures for preloading, applying combined loading and obtaining the 
relevant ultimate capacities are identical to that adopted for circular footings as 
described in Sections 7.2.3 to 7.2.5. 
The resulting bearing capacity envelopes for each spudcan geometry are shown 
in Figure 7-61 to Figure 7-65, alongside those for a flat circular footing in Figure 
7-66 for comparison. The data points in the figures are listed in Appendix 11 to 
Appendix 16. 
Figure 7-67 shows the envelopes for Qv/Fv=0.5 for each of the cone angles 
alongside each other in order that the effect of the spudcan geometry can be 
clearly seen. 
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Figure 7-61 Bearing capacity envelope for a conical spudcan with a cone 
angle of 127". 
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Figure 7-62 Bearing capacity envelope for a conical spudcan with a cone 
angle of 135t 
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Figure 7-63 Bearing capacity envelope for a conical spudcan with a cone 
angle of 1500. 
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Figure 7-64 Bearing capacity envelope for a spiked conical spudcan with a 
cone angle of 1500 as shown In Figure 7-60. 
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Figure 7-65 Bearing capacity envelope for a conical spudcan with a cone 
angle of 1630. 
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Figure 7-66 Bearing capacity envelope for a conical spudcan with a cone 
angle of 180t 
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Figure 7-67 Bearing capacity envelopes for QvlFv=0.5 for the various cone 
angles in this study. 
Some general observations from the above bearing capacity envelopes are: 
The envelopes for the conical footings are of a generally similar form to 
that deduced for a flat circular footing. 
Footings with smaller cone angles have larger horizontal bearing 
capacities and exhibit a more pointed failure envelope in the FHvm-FMVH 
plane. 
The cone angle does not significantly influence a conical footing's 
moment capacity for the range of cone angles studied here. 
The addition of a spike to an already conical footing will produce no 
improvement in moment bearing capacity and only a marginal increase in 
its horizontal bearing capacity. 
The influence of cone angle upon the horizontal bearing capacity is evident in 
Figure 7-68 for various vertical load levels. It can be seen that for Qv/Fv>0.6, the 
cone angle does not significantly influence the capacity available, however at 
lower vertical loads sharper footings exhibit greater horizontal capacities. The 
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values for the spiked footing with a cone angle of 1500 lie between the footings 
with cone angles of 1350 and 1501ý 
The values obtained under conditions of no vertical load (i. e. Ov/Fv=0.0) are 
again tentative due to the curtailed load-displacement response that results from 
the analyses for this particular loading combination. 
It is unsurprising that conical footings with sharper cone angles possess greater 
horizontal capacities, as the laterally projected area of the footing in elevation will 
increase in proportion to 1/tan(1/2p) (where P is the footing's cone angle) for a 
given footing radius. 
Footing 
0.0 0.2 0.4 0.6 0.8 1.0 
cone angle 
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.4 1150 0 (spike) 
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Figure 7-68 Variation of horizontal bearing capacity with vertical load level 
for conical footings. 
The above FHv/ASu-Qv/Fv envelope can be well represented by quartic equations 
of best-fit, as in Eq. 7-24, with the coefficients listed in Table 7-7. 
43 
FHv 
=a v +b +c 
2v- 'I kv- 
+e Eq. 7-24 
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Cone angle a b c d e 
1270 N/A* -2.581 2.129 -0.991 1.50 
1350 N/A* -3.013 2.453 -0.687 1.28 
1500 -3.298 3.367 -1.282 0.073 1.15 
150 0 Spike -4.025 5.391 -3.006 0.433 1.22 
1630 -3.942 4.398 -1.530 -0.016 1.10 
1800 -3.530 3.819 -1.365 0.080 1.00 
* for cone angles of 127 "and 135 11, a cubic relationship suffices. 
Table 7-7 Coefficients of best fit for use with Eq. 7-24 in determining the 
horizontal bearing capacity for a given vertical load ratiol QvlFv 
The insensitivity of the moment capacity to cone geometry observed is illustrated 
in Figure 7-69 where the variation with vertical load level is plotted for each of the 
footing geometries. There is no discernible difference between the curves, and 
the footings' behaviours can be considered identical. 
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Figure 7-69 Variation of moment bearing capacity with vertical load level for 
axi-symmetric footings (curves not labelled due to their 
indistinguishability). 
A suitable equation of best-fit to the above data, valid for all cone angles studied, 
is the cubic equation, Eq. 7-25. 
Fmv Qvv 
3 
gv 
2 
Eq. 7-25 R-v 
ADSu =-1.239 ( Fv 
) 
+0.735 
F- -0.173 
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The similitude of the moment capacities with vertical load level for each of the 
footing geometries is due to the shape of the failure mechanism. The contours of 
absolute incremental displacements at failure for the spiked 1500 cone footing 
are shown for Qv/Fv=0.0 in Figure 7-70. Identical contour plots were obtained for 
the other footing cone angles studied here. Note that areas of high contour 
density correspond to zones of shearing. It is clear that failure occurs with a 
contained mechanism, and that in order for that mechanism to enlarge, and 
hence increase the bearing capacity, the footing's geometry will need to be such 
that it impinges on the slip surface. From examination of the failure mechanism in 
Figure 7-70, the critical cone angle, Vit, is approximately 116". Cone angles less 
than this value will cause an enlargement of the failure mechanism with a 
corresponding increase in the bearing capacity with respect to moment loading. 
Fm 
U2 W2 Figure 7-70 Contours of absolute incremental displacement, 'abs: - + 
at failure for a spiked 1500 conical spudcan at a vertical load ratio of 0.0 
, 
#crit = 116 
The only study that the Author is aware of that investigates the combined bearing 
capacity envelope of conical footings, whilst permitting soil-footing adhesion, is 
the Noble Denton & Associates-led joint industry study in 1987 undertaken by 
Fugro using Fourier-Series-Aided Finite Element Analyses. 
The bearing capacity envelopes deduced in this comparative study for Ov/Fv=0.6 
are shown by the curves in Figure 7-71 for cone angles of 1200,1500 and circular 
footings. Superimposed are the corresponding envelopes (shown as points) from 
the present study for cone angles of 127', 150' and 1800. There is clearly little 
correspondence between the two clatasets, with the Noble Denton & Associates 
(1987) study predicting significantly larger capacities. 
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The envelope for a circular footing is excessively large when compared to the 
uni-axial values described in Section 7.3.1. Ngo-Tran (1996) casts doubts upon 
the reliability of the study, given the numerical capabilities at that time which also 
required the authors of the joint industry study to use an undesirably coarse 
mesh of less than 200 elements. 
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0 150 * 
Present 
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Figure 7-71 Comparison of the bearing capacity envelopes obtained from .w 
the present finite element analyses and the results of the Noble Denton & 
Associates (1987) study for QvlFv--0.6. Original plot from Ngo-Tran (1996). 
The 'peak-f unction' methodology described in the previous Sub-Section for 
circular footings is used here in order to produce a predictive framework for 
ascertaining the bearing capacity of conical footings. 
Predictive equations for FHv/ASu and Fmv/ADSu have already been presented in 
Eq. 7-24 and Eq. 7-25 respectively. The coefficients for the quadratic equations 
(Eq. 7-15 & Eq. 7-16) that represent the variation Of Opeak and rpeak with vertical 
load ratio have been determined by curve-fitting and are listed in Table 7-8. 
The quality of fit of the envelopes calculated using the 'peak-function' method to 
the finite element analysis data is shown in Figure 7-72 to Figure 7-76 for each 
footing geometry for the vertical load ratios, Qv/Fv=0.0,0.2,0.4,0.6 & 0.8. In all 
cases, the framework provides a good fit to the data obtained here. The case of 
the 127 0 conical footing is the least suitably represented due to its very peaked 
envelope, which the formulation could not adequately accommodate. The errors 
in the predictive method for this situation, however, are conservative (producing 
underestimates of bearing capacity) and furthermore, such pointed spudcans are 
rarely encountered. 
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Opeak 
- 
rpeak 
Cone angle a b Fc 7 a b c 
1270 see below -0.698 -0.058 0.83 
1350 -24.139 3.573 52.542 -0.206 -0.746 1.019 
1500 -29.236 3.196 50.383 -0.185 -0.706 0.887 
150 0+ spike -36.649 6.547 51.035 -0.231 -0.701 0.902 
1630 -26.888 4.804 45.812 -0.423 -0.259 0.664 
1801,1 -76.556 
1 29.748 1 38.715 1 '-0.826 0.1 0.4121 
*- For a cone angle of 1270, a constant Opeakof 490 was found to be most 
suitable. 
Table 7-8 Coefficients of best-fit for the quadratic relationships (Eq. 7-15 & 
Eq. 7-16) for the variation of the peak angle and peak magnitude for use In 
the 'peak-function'predictive framework for bearing capacity. 
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Figure 7-72 Comparison of the bearing capacity envelope for a 127 , conical 
footing as determined from the finite element analyses (data points) and 
predicted by the 'peak-function'method (curves) derived in Section 6.3.2 
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Figure 7-73 Comparison of the bearing capacity envelope for a 135 0 conical 
footing as determined from the finite element analyses (data points) and 
predicted by the 'peak-function'method (curves) derived in Section 6.3.2. 
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Figure 7-74 Comparison of the bearing capacity envelope for a 150 0 conical 
footing as determined from the finite element analyses (data points) and 
predicted by the 'peak-function'method (curves) derived In Section 6.3.2 
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Figure 7-75 Comparison of the bearing capacity envelope for a spiked 150 
conical footing as determined from the finite element analyses (data points) 
and predicted by the 'peak-function' method (curves) derived in Section 
6.3.2 
0.8 
Ov/Fv 
0.0 
0.2 
0.4 
13 0.6 
A 0.8 
0.7 
0.6 
Cý 0.5 
0.4 
U. 
0.3 
0.2 
0.1 
0.0 
Figure 7-76 Comparison of the bearing capacity en velope for a 163 11 con1cal 
footing as determined from the finite element analyses (data points) and 
predicted by the 'peak-function'method (curves) derived In Section 6.3.2. 
Section 7 
Page 315 
0.0 0.4 0.8 1.2 1.6 2.0 
FHVM/ASU 
0.0 0.4 0.8 1.2 1.6 
FHvmlAS,, 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
7.3.5 Conical footings without soil-footing adhesion 
There is some debate as to whether spudcans in service adhere to the 
surrounding clay or whether soil-footing separation can occur. Whilst it is 
anticipated that for stiff clays adhesion may not be assured, for softer sediments 
it would seem more likely that some level of adhesion should be expected. 
The single-gravity model footing tests of Martin (1994) clearly show that footing- 
soil separation occurs, and the resulting work-hardening plasticity solution 
incorporates this feature. Butterfield (1994) suggests that model tests may not 
represent fully undrained conditions at low vertical load levels, due to the rate of 
loading used and the relatively short drainage path lengths present in such tests. 
Thus in reality, it would seem unlikely that the reduction of pore water pressures 
that develop under a spudcan during combined storm loading would have 
sufficient time to dissipate, resulting in fully undrained behaviour and ensuring 
soil-footing contact. 
In addition, bearing capacity envelopes deduced for spudcans from recent 
centrifuge model tests, reported by Cassidy et al. (2004), suggest that some 
degree of adhesion is likely. Figure 7-77 shows that the failure loads encountered 
during the tests at vertical load ratios less than 0.5 exceed those predicted using 
the relationship proposed by Martin (1994) based on single-gravity model tests. 
1hý 
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Figure 7-77 Load paths from centrifuge model tests, from Cassidy et al. 
(2004). 
In this Sub-Section finite element analyses are undertaken for a spiked 150' 
conical spudcan applying interface elements along the footing-soil interface in the 
same manner as for circular footings, as described in Section 7.3.3. Note that as 
the interface elements are no longer only at the soil surface, an initial 
compressive normal total stress i's specified that is equal to the vertical total 
stress (as the coefficient of earth pressure is unity). Should the total stress across 
ýl B 
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the interface element become tensile at any stage of the analysis, the element 
will open, permitting independent displacements of the nodes on each side of the 
element, modelling footing-soil separation. 
The footing geometry adopted here has been deliberately chosen so as to be 
comparable to that used in the model tests of Martin (1994). In addition, finite 
element analyses have been performed for four of the spudcan geometries used 
in the previous Sub-Section for the case of purely horizontal and purely moment 
loading at various vertical load levels. 
The procedures for preloading, applying combined loading to the spudcan, and 
interpreting the resulting footing response are all identical to those previously 
used in this Section for axi-symmetric footings. 
Firstly the variation of horizontal bearing capacity with vertical load level is 
examined. Figure 7-78 shows this variation for a number of different cone 
geometries, where it can be seen that the capacity of a 150 0 cone footing is only 
marginally greater than that of a flat, circular footing. The capacity for a conical 
footing with a cone angle of 1270 is, however, significantly greater than that of a 
flat circle. The effect of conical geometry upon the bearing capacity is most 
noticeable at lower load levels, where the curves diverge. Footings with a sharper 
cone angle, and hence a larger projected area in elevation, exhibit larger 
. capacities than flatter cones (i. e. those with larger cone angles). 
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Figure 7-78 Variation of horizontal bearing capacity with vertical load level 
for conical footings where soil-footing adhesion Is not permitted. 
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The curves are approximately parabolic, this is denoted by the dotted 'extension' 
to the envelope back to zero horizontal capacity at zero vertical load. For the 
analyses that were undertaken for Ov/Fv=0.0 significant bearing capacities were 
observed, of approximately 0.8 times that obtained at Ov/Fv=0.5, and are shown 
as points in Figure 7-78. Note that the value obtained for the flat, circular footing 
is questionable due to the analysis terminating early and hence producing a 
curtailed load-displacement response. 
Conical footings therefore have a significant lateral capacity under purely 
horizontal loading, as shown by the failure mechanism in Figure 7-79. However in 
the presence of even very small vertical loads, this capacity diminishes 
considerably. For the purposes of design guidance, the results from the present 
study suggest that a parabolic relationship should be adopted. 
S -footing oil 
separation 
Figure 7-79 Detail of the displaced mesh at failure for a 1270 conical footing 
under purely horizontal loading (QvlFv=0.0) determined from the present 
finite element analyses. 
The results obtained here are compared in Figure 7-80 with those found by Ngo- 
Tran (1996) from full 3D finite element analyses. Ngo-Tran (1996) performed 
side-swipe tests from Qv/Fv=l. o which terminated at vertical load ratios of around 
0.4-0.6, and does not present data for low Qv/Fv ratios. The results of the two 
studies are in good agreement, with the exception of the 1200 conical footing 
which Ngo-Tran suggests has a significantly greater capacity than either that 
found here for 127 0 or those of the other footing geometries. 
Also of interest is the downward curvature of Ngo-Tran's data at Ov/Fv<0.45, 
resembling the parabolic forms observed here. 
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Figure 7-80 Comparison of the horizontal bearing capacities deduced from .w 
the present finite element analyses and those of Ngo-Tran (1996). 
The SNAME (2002) recommended practice contains (within Section 6.3.3.2) a 
conservative approximation for the determination of the maximum lateral bearing 
capacity of a conical footing for Qv/Fv: 50.5, which for uniform conditions is given 
by Eq. 7-26. This is simply the soil's undrained strength multiplied by the sum of 
the footing's plan area and laterally projected embedded area. 
If this method is used, then the curve of horizontal bearing capacity relative to 
that for a flat circle is as shown in Figure 7-81. Also shown are the values 
obtained for Ov/Fv=0.5 from the finite element analyses of Ngo-Tran (1996) and 
those reported in this study. The results from the analyses presented here show 
a reasonable agreement with this basic relationship, whilst the value obtained by 
Ngo-Tran for P=1200 again appears to be high. 
FH 
4+ tan 
Eq. 7-26 (ý/2 
where: P= conical footing's cone angle as defined in Figure 3-12. 
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Figure 7-81 Comparison of the effect of cone angle upon the horizontal 'w 
bearing capacity of a conical footing, for QvlFv=0.5, found in the present 
study and by Ngo-Tran (1996), to that suggested by the SNAME (2002) 
recommended practice. 
The horizontal bearing capacity envelope for conical footings where soil-footing 
adhesion is prevented does not therefore follow the framework proposed by 
Hansen (1970) that is adopted by the ISO (2003) design code (Hansen's 
procedure assumes full soil-footing contact under purely horizontal loading only). 
The capacities found here are however well represented by a parabolic 
formulation such as that found in the SNAME (2002) code. 
The variation of the moment capacity of conical footings with vertical load level is 
shown in Figure 7-82 alongside the data of Taiebat & Carter (2002) for a flat, 
circular footing. Here the envelopes for each cone angle are coincidental for 
Ov/Fv>0.4, however at lower vertical loads the curves diverge, with a non-zero 
capacity being observed for zero vertical load. This is especially pronounced for 
the 1270 cone where Fm/ADSu=0.25 at Qv/Fv=0.0. Examination of the soil 
displacements at failure for this load combination, shown in Figure 7-83, reveal 
that soil movements occur beneath the corner of the footing where the 
downwards moment couple load is applied. This suggests that as the footing 
starts to separate from the soil, a kind of slope stability failure occurs in 
preference to complete footing-soil separation. 
This departure from symmetry about Qv/Fv=0.5 at lower vertical load ratios is due 
to the mobilisation of a moment capacity due to the compressive normal stresses 
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initially specified for the interface elements due to the self-weight of the soil. The 
combination of these compressive soil-footing stresses and those induced by the 
preload will need to be reduced to zero before footing separation occurs, thus a 
finite moment capacity is expected, even at zero preload. This capacity will be 
greater for sharper cones as the interface elements both cover a larger area and 
are deeper, thus possessing greater initial normal stresses. 
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Figure 7-82 Variation of moment capacity with vertical load level for conical 
footings deduced here, alongside the results of the finite element analyses 
of Taiebat & Carter (2002) for a flat circular footing. 
Spudcan 
Contours of absolute 
incremental displacements 
Figure 7-83 Incremental soil movements beneath a 127' conical footing at 
failure under purely moment loading (QvlFv=O. 0, r=0.0) 
When the above capacities are compared with those deduced by Ngo-Tran in 
Figure 7-84, some discrepancies are evident. The moment capacities predicted 
by Ngo-Tran for a flat, circular and 150' conical footing are approximately 12% 
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greater than those deduced here and, in the case of circular footings, greater 
than those predicted by Taiebat & Carter (2002). 
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Figure 7-84 Comparison of the variation of moment capacity with vertical .w 
load level deduced from the present analyses and those determined by 
Ngo-Tran (1996). 
Curiously, the moment bearing capacities found by Ngo-Tran for the 1200 conical 
footing are 10% less than those of a circular or 1500 conical footing contrary to 
the data presented here where the capacities are identical at high load levels. 
Ngo-Tran also found that sharper cone angles result in lower bearing capacity 
factors for vertical loading -a result that was found here for smooth footings but 
not for rough footings, as studied by Ngo-Tran. The accuracy of the capacities 
derived for a 1200 cone, therefore, may well be questionable, as was also the 
case for horizontal loading. 
As previously mentioned, the conical footing chosen for the comprehensive 
investigation here is that with a 1501, cone angle and central tip spike. The 
horizontal and moment bearing capacities, as shown in Figure 7-78 and Figure 
7-82 can be approximated using Eq. 7-27 and Eq. 7-28 as shown in Figure 7-85. 
4 Q, k 
32 
Vv 
FHv 
= -9.52 - +19.43 -16.39 + 6.47(k v Fv 
R ( 
Fv AS,, ýv 
)( 
FV Fv 
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2v 
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(Fv 
+1-986 +0.15 
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Fig ure 7-85 Variation of horizontal and moment capacities with vertical load 
level for a spiked 15011 conical footing alongside the corresponding 
predictions of Eq. 7-27 and Eq. 7-28. 
The horizontal and moment capacities for a spiked 15011 footing with no soil- 
footing adhesion are compared in Figure 7-86 with those for an identical footing 
where soil-footing adhesion is permitted, as studied in the Section 7.3.4. With 
respect to moment capacities, the two conditions produce identical results for 
Ov/Fv>0.5, however at lower vertical loads, the two envelopes diverge. 
Where soil-footing adhesion is prevented, the moment capacity reduces with 
reducing vertical load level with a moment capacity of Fm/ADSu=0.15 at 
Ov/Fv=0.0. This value at Qv/Fv=O. o may be inaccurate, and if FM/ADSu is instead 
taken as zero at zero vertical load, the relevant coefficients of best-fit in Eq. 7-28 
are a= -b = 2.48, and c=0. The horizontal capacities predicted whilst permitting 
soil-footing adhesion are consistently greater than those where adhesion is 
prevented and continue to increase as the vertical load level reduces. 
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Figure 7-86 Effect of soil-footing adhesion upon the variation of horizontal 
and moment capacities with vertical load level deduced for a spiked 1500 
conical footing. 
The bearing capacity envelopes deduced from the finite element analyses 
performed here for a 150 "spiked spudcan are shown in Figure 7-87 (and listed in 
Appendix 18) for various Qv/Fv ratios. The envelopes are not elliptical, as is the 
case for a flat circular footing (refer to Figure 7-57). There appears to be a 
reasonable geometrical similarity between each of the envelopes, thus a 
normalisation procedure can be used to represent the bearing capacity envelope. 
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Figure 7-87 The bearing capacity envelope for a spiked 150 " conical 
spudcan where soil-footing adhesion Is not permitted 
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Figure 7-88 provides further comparison of the envelopes of a flat circular footing 
and a spiked 150* conical footing in the FmvH/ADSu-FHVM/ASu plane. Whilst the 
uni-axial bearing capacities for the two geometries are practically identical for a 
given vertical load level, the capacity for the spiked conical footing is significantly 
greater than for a circular footing under combined horizontal-moment loading. A 
conical spudcan geometry therefore possesses a greater combined bearing 
capacity than a flat circular spudcan, regardless of the soil-footing adhesion 
performance. 
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Figure 7-88 Comparison of the bearing capacity envelopes for a flat circular ,w 
and spiked 150 , conical spudcan at various vertical load levels. 
This conclusion is presented quantitatively in Figure 7-89 where the improvement 
in bearing capacity (measured as the ratio of the bearing capacity magnitude in 
the horizontal-moment capacity plane, Fabs as defined in Eq. 6-3) for a spiked 
150 11 conical spudcan to that of af lat circular spudcan is shown f or a vertical load 
ratio, Ov/Fv, of 0.6 for the full range of combined loading angles, E), as defined in 
Eq. 6-2. The greatest benefit is derived where lateral loading is dominant, as the 
moment capacity has already been shown in Section 7.3.4 to be independent of 
the cone angle, P, for PA 1V. The improvement in the combined FH-Fm bearing 
capacity is also seen to be greater when soil-spudcan adhesion is assumed. 
The magnitude of the improvement in Fabswill be dependent upon the footing's 
cone angle, and can be simply computed from the tabulated values in Appendix 
11 to Appendix 16 for the required vertical load level. The presence of a central 
spike has not, however, been shown to produce any significant improvements in 
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bearing capacity (refer to Figure 7-78 and Figure 7-82) for the homogeneous soil 
conditions studied here. 
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-*- Footing-soil adhesion 
, 9- No footing-soH adhesion 
0 15 30 45 60 75 90 
Moment Loading O(clegrees) Horizontal Loading 
Figure 7-89 Improvement In bearing capacity of a spiked conical geometry 
compared to that for a flat circular footing for OvlFv--0.6. Improvement is 
defined as Fabs(spikd 150 1 conelFabsfflat drde)ywhere Fabs is defined In Eq. 6-3. 
Figure 7-90 demonstrates the effect of adhesion upon the bearing capacity 
envelope for the spiked 15011 spudcan at high vertical load ratios. Soil-footing 
adhesion increases the bearing capacity envelope, especially with respect to 
horizontal capacity. Although Figure 7-86 shows the uni-axial moment capacities 
at high Qv/Fv ratios to be unaffected by footing adhesion, increases are evident 
under the conditions of combined horizontal-moment loading. The maximum 
normalised moment capacity (Fmvmax/ADSu) at Ov/Fv=0.5, for example, increases 
from 0.611 to 0.656 by the inclusion of soil-footing adhesion. The greatest 
increase in capacity is seen for a load ratio of 1.7 (0=601, where addition of 
soil-footing adhesion increases Fabs by 26% for Qv/Fv=0.5. 
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Figure 7-90 Comparison of the bearing capacity envelopes for QvlFv>-0.5 for 
a spiked 150 0 conical spudcan with and without soil-footing adhesion. 
The geometry of the spiked conical spudcan studied here, illustrated in Figure 
7-91 b, permits comparison of the results obtained here with the test data and 
bearing capacity formulation of Martin & Houlsby (2000). 
13' 
13' 76' 15 74* 23* 5' 
b) 
Figure 7-91 Comparison of the spudcan geometry used by Martin (1994) (a), 
and In the present study (b). 
In Figure 7-92 the bearing capacity envelopes deduced from the finite element 
analyses described here for the spiked spudcan are projected onto the original 
summary plot of Martin & Houlsby (2000) - note that the horizontal and moment 
capacity axes are interchanged under their plotting convention. The envelopes 
deduced from the finite element analyses suggest larger capacities than those 
from the laboratory test data. At Qv/Fv=0.2 (termed VN,, by Martin & Houlsby) the 
present study gives significantly larger horizontal capacities, but identical 
behaviour under predominantly moment loading. For Ov/Fv=0.4, a good 
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correlation between the two studies is evident. At Qv/Fv=0.6 & 0.8, the envelope 
deduced here is consistently greater for all combinations of horizontal and 
moment loading and follows a similar trend. 
The general form of the two sets of envelopes are similar, however the quality of 
fit of the spiked spudcan data presented here is no better than that observed for 
a flat circular footing (refer to Figure 7-58 in Section 7.3.3). 
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Figure 7-92 Comparison of the bearing capacity envelopes (shown as thick 
black curves) deduced for a spiked 150 11 conical spudcan from the present 
finite element analyses, and those determined by Martin & Houlsby (2000) 
from laboratory model footing tests. 
The data obtained from the analyses here can be compared with the work- 
hardening plasticity bearing capacity formulation based on this data, designated 
'Model 13% described in detail in Martin (1994) and Martin & Houlsby (2000). 
The formulation is given by (Eq. 7-29 to Eq. 7-31) 
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Where: 
Fm/FvD = 0.083, FH/Fv = 0.127 
. -. 
Fm/ADS,, = 0.503, FH/AS,, 0.770 assuming scNc=6.064 for a 1501, cone from 
Houlsby & Martin (2003). 
P, = 0.764, P2 = 0.882, el 0.518, e2 ` 1.180 from regression by Martin & 
Houlsby of the laboratory test data. 
A brief summary of the features of 'Model B' is as follows: 
A parabolic ellipsoidal yield function is assumed within which the footing 
behaves elastically. The orientation of the ellipsoid is not codirectional 
with the horizontal and moment load axes, and varies with the vertical 
load level. 
The yield surface is not symmetric about Qv/Fv=0.5, with capacities at low 
vertical load ratios being larger than the equivalent at high vertical load 
ratios, e. g. the yield surface for Qv/Fv=0.2 is larger than that for 
Ov/Fv=0.8. 
Expansion of the yield envelope can only occur by plastic vertical 
penetration. The increase in vertical bearing capacity with penetration is 
given by the standard bearing capacity equation (refer to Eq. 3-2) in 
conjunction with bearing capacity factors derived using the method of 
stress characteristics, described in Houlsby & Martin (2003). 
The behaviour of the footing at yield is associated with respect to 
horizontal and moment loading, however a non-association parameter 4 is 
required to correctly relate the incremental vertical loads and 
displacements to reflect the behaviour observed in the model tests. 
Section 7 
Page 329 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
Comparison of the variation of uni-axial horizontal and moment capacities with 
vertical load level is shown in Figure 7-93. The finite element analyses data show 
a practically identical pattern to that produced by the modified parabolic 
relationships within Model B, however the magnitude of the horizontal and 
moment capacities predicted by Model B, on average, underpredict the values 
obtained here by 27% and 22% respectively. 
This discrepancy may be explained by the fact that the undrained shear strength 
of the soil used in Martin & Houlsby's tests increased with depth, or that many of 
the combined loading tests were undertaken on embedded footings, rather than 
spudcans at the surface, as are modelled in the present study. 
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Figure 7-93 Comparison of the variation of horizontal and moment capacity 
with vertical load level as determined in the present study for a spiked 150 11 
spudcan (points) and that predicted by Model B (curves). 
The yield envelope is examined in Figure 7-94 in the horizontal-moment loading 
plane for four vertical load levels. Whilst the data found in the present study 
supports the general form of the formulation and the observation that greater 
bearing capacities are obtained at Ov/Fv=0.2 compared to those for Ov/Fv=0.8, 
Model B significantly underpredicts the bearing capacity that can be expected 
from the spudcan. 
If the bearing capacity predictions of Model B are crudely scaled (increased) by a 
factor of 1.2 with respect to both horizontal and moment loads, as shown in 
Figure 7-95, a closer fit is produced, however the parabolic ellipsoidal basis of 
Model B still fails to fully capture the irregular shape of the envelopes. 
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Figure 7-94 Comparison of the bearing capacity envelopes determined from 
the present study (points) and predicted by Model B (labelled curves). 
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Figure 7-95 Comparison of the bearing capacity envelopes determined from 
the present study (points) and those predicted by Model B (labelled curves) 
after being multiplied by a factor of 1.2. 
In order to attempt to reproduce the shape of the bearing capacity envelopes 
shown in Figure 7-87 for a spiked 15011 spudcan, the 'peak function' method has 
been implemented. 
The horizontal and moment uni-axial capacities are determined from Eq. 7-27 
and Eq. 7-28 respectively, whilst the magnitude and load angle for the peak are 
given by the linear and cubic equations Eq. 7-32 and Eq. 7-33. 
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The resulting prediction is shown in Figure 7-96 by the solid lines alongside the 
capacities deduced from the present finite element analyses. 
Apart from struggling with the tight curvature of the Qv/Fv=0.2 envelope at high 0 
values (i. e. for predominantly horizontal loading), the framework gives a 
reasonable representation of the non-ellipsoidal failure envelopes observed from 
the numerical analyses undertaken here. 
rpeak= -0.468(k'-) + 0.505 Ev Ed. 7-32 I- 
32 
vv+ 57.3 -Q-V + 39.9 Eq. 7-33 
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Figure 7-96 Performance of the 'peak function' method In predicting the ,a 
bearing capacity envelopes deduced for a spiked 150 11 spudcan when soll- 
footing adhesion is not permitted. 
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7.3.6 Effect of embedment upon bearing capacity envelope 
The above analyses of spudcan bearing capacity have all assumed that the 
footing is located at the soil surface. In the case of clay soils, spudcans can 
penetrate the seabed to significant depths (up to 20m) - equal to the diameter of 
most modern spudcan designs. The vertical wall above the edge of the spudcan 
is initially supported by 'fictitious stresses'. These are present throughout each 
analysis and apply a constant, equal, but opposite reaction to the initial in-situ 
stresses within the soil. Movement of the soil along this vertical interface due to 
loading that occurs within the analysis due to the prescribed footing loading is 
thus not prevented. 
In order to investigate the effect of embedment upon a spudcan's bearing 
capacity, a number of analyses have been performed for a single spudcan 
geometry at a vertical load level, Qv/Fv, of 0.5. This ratio has been chosen as the 
most typical value from preloading case histories. 
The analyses described within this study are small-displacement, with the footing 
being initially 'wis hed-in -place' at the required embedment with no soil being 
present above the spudcan. The vertical boundary above the spudcan's edge is 
free to move both vertically and horizontally, and full soil-spudcan adhesion is 
specified. 
The finite element mesh used, shown in Figure 7-97, is based upon that used for 
the spiked 15011 conical spudcan at the soil surface. The elements to the side of 
the spudcan have been replicated vertically upwards to the required embedment, 
with transition elements used around the footing's edge. Figure 7-98 highlights 
the mesh treatment around the spudcan's edge. The outer rim of the spudcan is 
bevelled inwards in order that the side of the spudcan above the load application 
point does not contribute to the horizontal bearing capacity of the footing. No 
attempt is made here to represent backflow or contact between the soil and the 
jack-up platform's leg. 
In each of the analyses the strength and stiffness of the soil is assumed to be 
homogeneous for consistency with the analyses described in Sections 7.3.2 to 
7.3.5. 
Embedments are reported here as normalised values with respect to the 
spudcan's diameter. The embedment, Z, is defined as the vertical distance 
between the seabed surface and the load application point, as illustrated in 
Figure 7-98. 
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zj 
5D 
Figure 7-97 Finite element mesh used to model a spiked 1501, spudcan 
initially embedded at ED= 1.0. 
Figure 7-98 Detail of the above finite element mesh at the spudcan's comer. 
Before combined loading is applied to the spudcan, it is first preloaded using the 
same methodology described in Section 7.2.3. Due to the increase in size of the 
failure surface under vertical loading with embedment, the vertical bearing 
capacity, Fv, increases with embedment depth as described in Section 3.5, 
requiring a greater number of loading increments. 
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For each embedment, the preload is consistently applied until a clearly defined 
ultimate load is reached before being unloaded to half this load (in order that 
Ov/Fv=0.5). 
The application of combined loading, interpretation of footing behaviour and 
calculation of the corresponding failure loads are all undertaken in an identical 
manner to the analyses described earlier in this Section. 
The bearing capacity envelopes deduced for the spudcan at each of the 
embedment depths studied is shown in Figure 7-99 (and tabulated in Appendix 
19), with the curve for Z/D=0.0 being taken from the data obtained in Section 
7.3.4. 
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Figure 7-99 Effect of embedment upon the bearing capacity envelopes 
deduced for QvlFv--0.5 for a spiked 150 " spudcan. 
The envelopes show that increased footing embedment causes an expansion of 
the bearing capacity envelope. The envelope for an embedment of Z/D=0.25 is 
around 10-20% greater than that for an equivalent surface footing. It can be 
seen, however, that the increase in bearing capacity at greater embedments is 
confined to load angles, E), of between 5011 and 8011 (corresponding to 1.3<r<5.0). 
In particular the capacity under purely moment loading does not increase beyond 
Z050.05, corresponding to only 1m of penetration for a modern, 20m diameter 
spudcan. 
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The effect of embedment upon the uni-axial horizontal and moment bearing 
capacities is shown in Figure 7-100. Also shown in Figure 7-100 is the depth 
factor relationship for a rough circular footing deduced in Section 3.5.4 for the 
same open bore conditions as modelled here. This clearly illustrates that the 
increase in horizontal and moment bearing capacity is not related to the depth 
factor, as is assumed by the hardening rule of Model B reported in Martin 
Houlsby (2000). 
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Figure 7-100 Effect of embedment upon the horizontal and moment ,U 
capacities at QvlFv=0.5 for a spiked 150 0 spudcan. 
The limited increases in uni-axial capacities with increased embedment can be 
explained by the failure mechanisms developed under the spudcan. Figure 7-101 
shows the incremental displacement vectors at failure in the soil around a 
spudcan undergoing horizontal loading at an embedment of Z/D=1.0. The vectors 
are clearly localised around the footing, with little soil movement occurring in the 
soil above the spudcan. 
The same can be seen for moment loading for the same spudcan and geometry, 
as shown in Figure 7-102. As negligible soil movements occur above the 
spudcan at failure, the extent of the overlying soil will not affect the failure 
mechanism geometry and hence the bearing capacity. 
Clearly if competent soil is backfilled above the spudcan a commensurate 
increase in capacity would be expected. This is not, however, modelled in the 
present study, although it is understood that this topic will be covered in a 
forthcoming publication by Templeton. 
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Z/D=0.00 
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Z/D=0.75 
Z/D=1.00 
Figure 7-101 Vectors of incremental displacement at failure around a spiked 
150" spudcan initially embedded at ZID=1.0 under horizontal loading at 
QvlFv=0.5. 
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Figure 7-102 Vectors of incremental displacement at failure around a spiked 
1500 spudcan initially embedded at ZID=1.0 under moment loading at 
QvlFv=0.5. 
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Although Ngo-Tran (1996) investigated the effect of initially embedding a circular 
footing at an embedment, Z/D, of 0.25, the results obtained for vertical bearing 
capacity were 25% greater than the corresponding lower bound solution of Martin 
(1994). Despite Ngo-Trans' attempts at mesh refinement, no improvements in 
this estimate were possible. The results for more complex combinations of 
loading reported in that study are therefore questionable, thus no comparison is 
made here. 
7.4. SUMMARY 
e This Section has used the Fourier Series Aided Finite Element Method 
(FSAFEM) to investigate the undrained bearing capacity of axi-symmetric 
footings under combined loading. Accurate foundation behaviour is 
modelling using a fully three-dimensional geometry instead of making any 
plane-strain approximations. 
The FSAFEM permits the efficient and accurate determination of the 
combined loading capacity, with the errors for a flat, rough, circular, 
surface footing being: 
1% above the exact solution of Eason & Shield (1960) for purely 
vertical loading 
o 5.4% above the exact solution for purely horizontal loading. 
o 2.7% above the upper bound solution of Murff & Hamilton (1993) 
for purely moment loading. 
The above values are of commensurate accuracy with the finite element 
analyses reported by other authors, such as Gourvenec & Randolph 
(2003a), Bransby & Randolph (1998) and Taiebat & Carter (2000). 
In order to apply load-controlled combined loading for conical footings the 
actual footing is modelled in the analyses and assumed to behave rigidly. 
In all analyses the footing is first preloaded vertically such that a bearing 
capacity failure is encountered, and then unloaded to the required vertical 
load ratio, Ov/Fv. The preloading load- penetration plot produced is 
identical to that for an axi-symmetric analysis, whilst the normalised 
elastic unloading stiffness, KI/GR, is within 4% of the exact solution of 
Poulos & Davis (1974). 
Section 7 
Page 338 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
* Analyses of combined loading at low vertical load ratios tended to 
terminate before a clearly defined failure load was reached. In such cases 
the horizontal load-displacement and moment-rotation responses were 
extrapolated using the log-linear stiffness degradation method, discussed 
in Section 7.2.5, from the available data from the analysis to produce an 
estimate of the failure capacity. This method of interpretation is shown to 
produce consistent results to those deduced from displace m ent-contro I led 
analyses (Figure 7-16). 
0 At vertical load ratios (Qv/Fv) greater than 0.4, the analyses suggested 
that the footings could sustain loads greater than the actual capacity. This 
apparent extra capacity is due to the accumulation of residual loads within 
the mesh. These errors were removed by using the log-linear portion of 
the stiffness degradation curve from the analysis to produce an estimate 
of the bearing capacity, had the excessive residual loads not been 
generated (refer to Figure 7-22) 
0 Displacement-controlled analyses of a circular footing for Ov/Fv=0.0 
produce consistent load paths which show a well-defined failure envelope 
(Figure 7-16). 
A clearly defined failure envelope in moment-horizontal load space was 
not, however, observed for Qv/Fv=0.5 using displacement-controlled 
analyses (Figure 7-17). 
The failure loads for each analysis are deduced using the log-linear 
stiffness degradation extrapolation technique by, wherever possible, 
examination of both the observedoHVM-u/D and QMVH-0 responses. 
A review of the results of Taiebat & Carter (2000) in Section 7.3.1 
concludes that their data is dubious due to the excessive errors present in 
the prediction of vertical and moment capacities from their analyses. 
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1 adhesion Circular footing with 
-soil-footinc 
The bearing capacity envelope for a rough, flat, circular surface footing 
with adhesion is not ellipsoidal but instead an irregular, convex geometric 
form. The maximum horizontal, moment and combined horizontal-moment 
loading capacities all occur under the conditions of no vertical load (Figure 
7-34). 
The three-dimensional bearing capacity envelope found in this study is 
generally consistent with that of Gourvenec & Randolph (2003a). 
The mechanism of soil movements around a spudcan footing under 
purely horizontal loading induces footing rotations due to the conservation 
of soil volume under undrained conditions (Figure 7-35). This results in 
the major and minor axes of the bearing capacity envelope not being 
codirectional with the ()HVm/AS,, andQMVH/ADSu load axes (Figure 7-34) 
The variation of normalised horizontal bearing capacity with vertical load 
level are very similar for circular and strip footings (Figure 7-37) 
The variations of normalised moment bearing capacity with vertical load 
level for circular and strip footings have a similar form, however the 
normalised response of strip footings is greater than that of circular 
footings. (Figure 7-37) 
In FMVH/ADSu - FHVM/ASu load space, the bearing capacity envelope for a 
strip footing is larger and of a different shape to the equivalent for a 
circular footing (Figure 7-38). The assumption that the normalised 
response of a strip footing can be used for an axi-symmetric footing is 
therefore unconservative and cannot be recommended despite the 
alluring promises of reduced computational burden. 
9 The variation of horizontal bearing capacity with vertical load deduced 
here is marginally lower than the predictive equations of both Bolton 
(1979) and Hansen (1970). The approach of Vesic (1975) is not 
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recommended as it produces a crude and overoptimistic estimate of 
bearing capacities at high vertical load ratios (Figure 7-39). 
The variation of horizontal bearing capacity with vertical load level 
predicted by the ISO (2003) design code for offshore foundations provides 
a good fit to the data produced in the present study. The 
recommendations in the SNAME (2002) code however result in an 
overestimation of the capacities observed here, and of the results 
reported by Gourvenec & Randolph (2003a), for vertical load ratios 
(Qv/Fv) greater than 0.7. (Figure 7-40) 
The variation of moment capacity with vertical load level is practically 
identical to that deduced by Gourvenec & Randolph (2003a) and 
recommended by the SNAME (2002) recommended practice (Figure 
7-43). The formulation of Murff (1994) is inaccurately conservative, whilst 
the prediction of Hansen (1970) (adopted by the ISO (2003) design code) 
assumes that soil-footing separation occurs at low vertical loads, resulting 
in a reduction of moment capacity at Qv/Fv<0.5. 
The 'peak function' framework derived in Section 6.3.2 produces an 
excellent representation of the bearing capacity envelope (Figure 7-46). 
The predictive equations for the variation of FHv and Fmv with vertical load 
ratio are given in Eq. 7-8 and Eq. 7-14, whilst the peak angle and 
magnitude are given by Eq. 7-15 and Eq. 7-16 respectively. 
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Circular footings without soil-footing adhesion 
The combined bearing capacity of a circular footing with no soil-footing 
adhesion reduces at low vertical load ratios (Qv/Fv<0.5) compared to an 
equivalent footing where adhesion is permitted. 
* The bearing capacity envelope for a circular footing without soil-footing 
adhesion is a parabolic ellipsoid and symmetric about Qv/Fv=0.5, with 
major and minor axes that coincide with the horizontal and moment load 
axes respectively (Figure 7-48). 
* The variation of horizontal capacity with vertical load level is well 
represented by the SNAME (2002) recommended practice (Figure 7-49). 
The ISO code however does not recognise that soil-footing occurs under 
purely horizontal loading (as shown in Figure 7-51) and thus overpredicts 
the bearing capacity that can be expected. 
The variation of moment capacity with vertical load level is in agreement 
with that predicted by the SNAME (2002) design code (Figure 7-55) lying 
between the solution of Vesic (1973) and the data of Taiebat & Carter 
(2002) (Figure 7-52). The small inconsistency between the prediction of 
the ISO (2003) design code and the data from the present study is due to 
the non-symmetry about Qv/Fv=0.5 of the ISO curve, which is based on 
Hansen's solution (Figure 7-55). 
The effective area relationship of Vesic (Eq. 7-20) has been shown to be 
conservative (Figure 7-54) with Eq. 7-21 providing a better fit to the data 
encountered here. 
The bearing capacity envelope deduced from the present analyses is well 
represented by a parabolic ellipsoidal equation (Eq. 7-23). The variation of 
horizontal and moment capacities with vertical load level are given by Eq. 
7-17 and Eq. 7-22 respectively (Figure 7-57). 
The bearing capacity curves obtained here for circular footings where 
adhesion is not permitted show a reasonable correlation with the data 
from laboratory model footing tests undertaken by Martin (1994). 
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Conical footln-qs with soil-footinc i adhesion 
* The combined bearing capacity envelopes for conical spudcan-type 
footings have been deduced for cone angles, P, of 12711,135*9 150* and 
1630 for homogeneous soil conditions. For the case of P=1500 the 
spudcan was modelled both with and without a spike at the footing's tip. 
0 Increased horizontal bearing capacities are observed for footings with 
sharper cone angles due to the consequential increase of the footing's 
laterally projected area (Figure 7-68). 
Due to the shape of the failure surface of an axi-symmetric footing under 
moment loading, the cone angle of a spudcan does not influence its 
moment capacity for P values greater than 116" (Figure 7-69). 
The addition of a central tip spike to the 1500 cone angle conical footing 
delivers a marginal increase in horizontal capacity and no improvement in 
moment capacity. 
The results of the Noble Denton-led (1987) joint industry study into the 
combined bearing capacity of spudcans are excessively optimistic and 
should not be used in design (Figure 7-71). 
The 'peak function' framework produces excellent representation of the 
finite element data for each of the cone angles investigated. 
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Conkal footincis where soil-footin-ci adhesion Is not Permitted 
Centrifuge model studies have suggested that soil-footing adhesion is 
possible (Figure 7-77) in contrast to the results of Martin (1994) due to the 
correct modelling of soil self-weight. 
0 It is expected that interfacial adhesion may not be generated for the cases 
where a spudcan is resting on a permeable silty or sandy clay, a hard clay 
or where an uneven seabed surface prevents full, continuous contact from 
occurring, and could thus provide routes for the dissipation of negative 
pore water pressures. 
* The variation of horizontal capacity of conical footings for the range of 
cone angles studied here (p2: 1271 is approximately parabolic as is true 
for the circular footing. At low vertical load ratios, conical footings have 
greater horizontal capacities than a flat circular footing as soil-footing 
separation will only occur once the normal soil-footing stresses, due to 
soil self-weight and preloading, are reduced to zero (Figure 7-78). 
9 For purely horizontal loading a shallow failure mechanism beneath the 
compressive side of the footing is observed (Figure 7-79) 
The variation of horizontal capacity with vertical load level is in broad 
agreement with the results of Ngo-Tran (1996). The recommendations of 
the SNAME (2002) recommended practice and ISO (2003) design codes 
underpredict the capacities found here for Ov/Fv<0.5. 
* The variation of moment capacity with vertical load level for Ov/Fv>0.5 are 
identical for each of the cone angles studied. 
* For Qv/Fv<0.5, conical footings with smaller cone angles have greater 
moment capacities (Figure 7-82). This is due to sharper cones having a 
greater area of interface elements and greater average initial compressive 
stresses before combined loading occurs. As mentioned above, these 
compressive stresses must be overcome before separation occurs. 
Section 7 
Page 344 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
The variation of moment capacity with vertical capacity for conical footings 
is approximately parabolic and in accordance with the results of Taiebat & 
Carter (2002). 
The failure mechanism for moment loading is a kind of slope stability 
failure under the compressive side of the footing rather than full soil- 
footing separation (Figure 7-83). 
The bearing capacity data determined by Ngo-Tran (1996) for conical 
footings are greater than the values obtained here. 
The failure envelope deduced here for a spiked 1500 conical spudcan is a 
parabolic ellipsoid with the major and minor principal axes inclined to the 
horizontal and moment load axes (Figure 7-87). 
The ISO (2003) and SNAME (2002) design codes both produce 
conservative estimations of the bearing capacity of a spiked conical 
spudcan for the situation where soil-footing separation occurs. 
A 150" spiked conical footing has a greater capacity than a flat circular 
footing (Figure 7-88) with the greatest increases occurring for 
predominantly horizontal loading (Figure 7-89). The improvement is, 
however, less than that found when soil-footing adhesion is permitted. 
* The choice of conical footing geometry studied was partly for consistency 
with the single-gravity laboratory model footing tests of Martin (1994). The 
two sets of data are thus be compared, revealing that the bearing 
capacities obtained here are consistently greater than those determined 
by Martin (1994) from the model footing tests (Figure 7-92). 
The variation of horizontal and moment capacity with vertical load level 
obtained from the present study can be compared with that predicted by 
Model B (Martin & Houlsby, 2000), which is derived based on the above 
footing tests. It is found that although the curves obtained here are of a 
similar form to that predicted by Model B, the capacities found in the 
present study are consistently 20% greater (Figure 7-93). 
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Even if the predictions of Model B are factored up by 20%, the framework 
does not satisfactorily replicate the non-elliptical bearing capacity 
envelopes found from the present analyses (Figure 7-95). 
The 'peak function' method gives'a reasonable match to the failure points 
found in the present study, however discrepancies are evident in 
matching the envelopes at low vertical load ratios due to their irregular 
shape (Figure 7-96). 
Embedded spudcan behaviour 
A spiked, 1500 conical spudcan has been modelled at embedments up to 
one footing diameter (Figure 7-97). The footing is wished-in-place 
assuming a homogeneous soil profile. 
The results of the analyses show that modest increases in horizontal and 
moment capacities occur for embedments of up to 0.5 times the footing's 
diameter (Figure 7-99) with no increases in capacity being observed for 
further embedments. This is due to the localised failure mechanism 
around the spudcan under combined loads which does not include any 
soil above the footing apart from in the locality of the footing's edge 
(Figure 7-101 &Figure 7-102). 
9 As the combined bearing capacities do not increase with further spudcan 
embedment, the maximum horizontal and moment bearing capacities are 
thus not related to the vertical bearing capacity (which continues to 
increase by the depth factor contribution, described in Section 3.5) as is 
assumed by the Model B framework. 
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8. 
STATIC FIXITY OF SPUDCANS 
8.1. INTRODUCTION 
In the previous Section, the ultimate capacities of spudcan foundations were 
investigated under combined loading, resulting in the development of predictive 
equations for bearing capacity. In terms of serviceability, the degree of fixity 
offered by the foundation is also important. Fixity is a measure of the relative 
stiffness of the spudcan in the soil to the overall stiffness of the jack-up and is 
one of the parameters that controls the distribution of environmental loads 
between the rig's components, including the spudcans and seabed. 
A greater spudcan stiffness will result in a greater proportion of loading being 
transferred into the soil, increasing the bending moment in the leg at the leg- 
spudcan connection. 
Fixity can either be determined with reference to the bending moments in the leg, 
termed 'static fixity', or by examination of the platform's natural frequency under 
dynamic loading, referred to as 'dynamic fixity'. The latter measure will be 
investigated in Section 9. 
This Section considers the elastoplastic stiffness of spudcans under statically 
applied combined loading by studying the load-displacement responses observed 
in the finite element analyses undertaken in the previous Section. As such, the 
analysis, interpretation and discussion contained within this Section is limited to 
the case of spudcans resting on clay that behaves in an undrained manner (as 
the aim of the work contained in this Section is to investigate the behaviour of 
spudcans during storm conditions, i. e. rapidly applied loading). 
The role of spudcan geometry, embedment and loading path upon the spudcan's 
stiffness behaviour are all considered. 
The initially elastic spudcan stiffnesses observed are compared with the relevant 
closed-form solutions adopted by the current SNAME (2002) and forthcoming 
ISO recommended practices. 
The degradation of these initial elastic stiffnesses with load level is then 
examine and compared with the current SNAME design guidelines and those 
being proposed to the ISO design code committee. Neither are found to 
satisfactorily represent the data obtained here, leading to the development of a 
general stiffness degradation framework. 
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8.1.1 Definition of static fixity 
Static fixity, as described by Wong et al. (1993), is the ratio of the bending 
moment at the spudcan-leg connection to that at the leg-hull connection, as 
shown in Figure 8-1. 
---------- BMIeg 
flull 
Environmental 
loads 
Bending 
Moment 
Distribution 
(shaded) 
Static Fixity 
BMI .... .. I 
BM ..... ...... 
shape 
BMIeg spudcan 
Figure 8-1 Definition of static fixity. 
Full fixity (100%) represents the case where the rotational stiffness of a spudcan 
is infinite (although strictly it should be equal to the hull-leg stiffness), and is 
hence rigid, and zero fixity (0%) signifies that the spudcan behaves as a pinned 
connection, being able to freely rotate and possessing no rotational stiffness. For 
the latter condition, the bending moment at the leg-spudcan connection is thus 
zero, as shown in Figure 8-2. 
Bending 
Moment 
L Distribution 
(shaded) 
Pinned II --- 
spudcan 
Fixed 
connection spudcan connection 
Figure 8-2 Bending moment distributions for pinned and fully fixed leg- 
spudcan connections. 
Section 8 
Page 348 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
Injerms of component stiffnesses, fixity is given by Eq. 8-1: 
StaticFixity = 
Kg 
EI 
Eq. 8-1 
(K, 
g +L 
Where KO is the rotational stiffness of the spudcan, El and L are a single leg's 
bending rigidity and length respectively. 
Given the geotechnical context of this thesis, it is the rotational stiffness of the 
spudcan which is of most interest here. This is thus combined with the leg 
stiffness properties in order to produce a prediction of the platform's static fixity. 
Note here that whilst the leg stiffness can be assumed to remain elastic even 
under extreme loading (as geometric non-linearities or P-A effects are ignored in 
the above definition), the foundation stiffness will degrade with load level as 
observed in Section 7.2.5. 
The cause of the stiffness degradation could be due to several reasons: 
* Non-linear soil elasticity (shown in Figure 8-3) models the degradation of 
elastic modulus with strain level observed in all soils, without predicting 
any plastic deformations, 
o Soil plasticity, which causes the overall foundation stiffness to reduce at 
greater load levels (in the manner shown in Figure 8-3). As observed 
previously in Figure 4-23 in Section 4.3, if an elastoplastic model is 
assumed, the soil around the corner of a rigid footing will tend to undergo 
plastic deformations at footing displacements well below that required for 
failure. Soil plasticity has, however, also been observed to occur in natural 
soils at load levels well below yield levels and is incorporated in recent, 
more complex, constitutive models such as the 3-SKH (3-Surface 
Kinematic Hardening) model of Stallebrass &Taylor (11997). 
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Figure 8-3 Ideal linear elastic, non-linear elastic and elastoplastic 
responses to reversing cyclic moment loading of a spudcan. 
Eq. 8-1 shows that any reduction in KO that occurs at high load levels will reduce 
the rig's static fixity, exacerbating the effects of eccentric (P-A) loading due to 
greater sway motions of the hull. A predictive expression for rotational spudcan 
stiffness must, therefore, take into account this reduction of stiffness in order to 
produce an appropriate estimate of the fixity for a given severity of storm loading. 
It is worth restating here that fixity is not equal to a spudcan's stiffness, it is the 
relative stiffness of the spudcan to the whole soil-spudcan-leg system. Although 
'fixity' generally refers to a measure of rigidity, in the context of jack-up rigs it has 
the strict definition as described in Eq. 8-1 for static fixity, and later in Eq. 9-2 for 
dynamic fixity. 
8.2. EXISTING RECOMMENDED PRACTICE 
The discussions here are undertaken with reference to the current SNAME 
(2002) Bulletin 5/5A and forthcoming ISO 19901 (Part 4) design codes as these 
are the most commonly adopted in the present and near future. 
The general recipe for computing the load-displacement response of spudcans is 
to compute the initial elastic spudcan stiffnesses using Boussinesq-type elastic 
solutions assuming a semi-infinite half-space of uniform elastic material 
properties. For spudcans in clay a Poisson's ratio, v, of 0.5 is assumed for rapid 
loading events such as those from storm loading. 
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The initially elastic rotational secant stiffness is reduced according to the 
proximity of the current combined load to the bearing capacity envelope, with a 
small but finite secant stiffness at the yield surface itself. 
Should combined storm loads be applied to the spudcan that exceed the bearing 
capacity, additional plastic spudcan penetrations will occur in order to expand the 
bearing capacity envelope sufficiently to embrace the loading imposed, as 
illustrated in Figure 8-4. 
Each of these individual steps are covered in the following sub-sections in more 
detail with respect to their background, assumptions and development. 
OH Expanded Fv-FH f 
envelope 
Initial Fv-FH envelope orm 
load vector 
gained from preloadingl 
in V-H space 
i K 1 0, OV Stillwater IS cz, 11 I 01 
Fv 
Preload 
Penetration ---- --------- Additional 
Storm load --- ------------ - -- 
penetration 
Penetration 
Spudcanmr Vertical 
Penetration lo ad-penetration 
curve 
Figure 8-4 Expansion of a spudcan's bearing capacity envelope by 
additional penetration due exceedance of the envelope by the applied 
loading. 
8.2.1 Initial spudcan stiffness 
it is useful to recap that a typical jack-up rig is installed at a location by 
preloading vertically until sufficient vertical bearing capacity is encountered to 
resist the vertical preload forces applied. The preload ballast (typically twice the 
weight of the rig) is then discarded, such that the vertical load on the spudcan 
reverts to its self-weight, as shown in Figure 8-5. 
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Qm/ADS,, 
Preloading path 
Unloading path to 0, /F', - 0.5 
OH/A 
Dv/Fv 
Figure 8-5 Initial loading of spudcans during the installation phase 
assuming no lateral loading from currents or wind and wave actions. 
The SNAME (2002) and ISO (in press) recommended practices both assume 
initially elastic behaviour for small load excursions from the stillwater load state. 
Within this region of elastic footing behaviour, the relationship between the 
loading of a spudcan and its displacements is given by Eq. 8-2 below. 
K, 00 
0 K, K4 Eq. 8-2 
-Q%I - -0 
K. ý K, - -0_ 
Where: 
'w' vertical elastic displacement (units = m) 
V horizontal elastic displacement (units = m) 
'0' elastic rotation (units = radians). 
Eq. 8-2 suggests that the vertical displacements are independent of horizontal 
and moment loading, and that lateral footing displacements and rotations are 
related to both the horizontal and moment loading applied, with each component 
direction being interrelated by a cross-coupling stiffness, K4. The stiffnesses 
along the main diagonal of the stiffness matrix may be calculated from the 
relevant Boussinesq solutions for each component shown in Eq. 8-3 to Eq. 8-7 
for a circular footing resting on the surface of an elastic half-space based on the 
assumptions described in Table 8-1. 
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KI 
GRI Eq. 8-3 
4 InO - 4r) 
Eq. 8-4 GR I-- 2t, 
K 320 - v) 
G- R- 7-8t, Eq. 8-5 
__8_ Eq. 8-6 GR 2-t, 
K; 8 
GR 3(l - 
Eq. 8-7 
Equation Reference Footing rigidity 
Poulos & 
Eq. 8-3 
Davis (11974) 
Rigid 
Spence 
Eq. 8-4 Rigid 
(1968) 
Bycroft 
Rigid but footing 
Eq. 8-5 
(1956) rotation 
permitted 
Gerrard & 
No footing 
Eq. 8-6 Harrison rotation 
but 
flexure is 
(1970) 
permitted 
Poulos & Rigid 
Eq. 8-7 
Davis (1974) 
Footing Value for 
)uahness Exact? v=0.5 
Smooth Yes 8.0 
Tendsto 
Rough Yes 
8.0 
Only 
Rough for 16/3 
v=0.5 
Only 
Rough for 16/3 
v=0.5 
(o 
s 
Eq. 8-7 
Poulos & Rigid ugh or Yes 16/3 
Davis (1974) smooth 
Table 8-1 Non-dimensional elastic stiffness parameters for a circular 
surface footing resting on an elastic half-space. 
Bell (1991) presents a thorough discourse of the theoretical backgrounds behind 
the derivation of Eq. 8-3 to Eq. 8-7 and notes that a general, exact solution for KP 
for a rough rigid footing subjected to horizontal loading has so far eluded 
mankind! 
For the specific case of v=0.5, however, the two expressions for K, coincide, as 
do the two formulations for K2which become exact. As the elastic responses of 
the footings in the analyses described in Section 7 approximate undralined 
conditions, the above equations are suitable for validation purposes. 
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No theoretical relationship exists linking K4 to the Poisson's ratio, however the 
finite element results of Bell (1991), shown in Figure 8-6, demonstrate that K4 
tends to zero for a flat rough circular footing under perfectly undrained conditions, 
a relationship that can be estimated by Eq. 8-8. 
0.0 
K4/(GR') 
. 0.1 
-0.2 
-0.3 
-0.4 
-0.5 
-0.6 
-0.7 
-0.8 
I Eq. 8-8 1 
0.0 0.1 0.2 0.3 0.4 0.5 
v 
Figure 8-6 Variation of the non-dimensional cross-coupling elastic stiffness 
coefficient, K41GW, with Polsson's ratio found by Bell (1991) for a flat- 
based, rough, circular, surface footing on an elastic medium. 
K4 
= -3()12-v)'+4.5(Y2 - V)2 - 3(, V2- V) 
Eq. 8-8 
GR2 
This is presumably the justification for why the cross-coupling term is not 
incorporated into the SNAME (2002) code calculation procedure for spudcan 
stiffnesses during undrained loading. The results of Ngo-Tran (1996), however, 
suggest that conical footings display an appreciable negative cross-coupling 
term, K4, whose influence increases at greater spudcan embedments and for 
sharper cone geometries. Thus the overall non-dimensionalised spudcan 
rotational elastic stiffness, KO, should therefore include contributions from both 
horizontal and moment loading components due to cross-coupling as in Eq. B-9 
(from re-arranging Eq. 8-2). Predictions based on the SNAME method will thus 
result in an overestimation of the spudcan fixity for conical footings. This will be 
discussed further in Section 8.3.2. 
K&) = 
Q" 
= K3 + 
K4U Eq. 8-9 
00 
. -. 
K6b < K3 for P<18011 
where: K4 <0 for P< 1801, 
p= footing cone angle (I 
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No exact solutions exist for any of the stiffness coefficients for conical footings - 
the only solutions believed to be available are those deduced from the finite 
element analyses of Ngo-Tran (1996), who tabulated values for all coefficients for 
axi-symmetric footings with cone angles of 1200,150" and 1800 (the latter 
corresponding to a flat circle) for embedments up to twice the footing diameter. 
The study found that sharper cone angles and deeper embedments increase the 
magnitudes of each of the stiffness coefficients. These findings will all be 
discussed and compared with the presently obtained data in the proceeding sub- 
sections. 
The above expressions for K1, K2 and K3 all assume that the spudcan is at the 
soil surface. For spudcans that are embedded into the seabed due to preloading, 
the corresponding vertical horizontal and moment spudcan stiffnesses may be 
calculated by factoring the values for the same spudcan at the seabed surface by 
the parameters, Kdj, Kd2 and Kd3 respectively. The values recommended for use 
by the SNAME (2002) and ISO (in press) design codes are based on those 
calculated by Bell (1991) using finite element analysis. The data for Kdl found in 
the SNAME (2002) design code is reviewed in Section 4.2.2, which revealed 
discrepancies between the values listed in the SNAME (2002) design code and 
those in Bell's MSc thesis. The latter are also slightly in error due to the 
normalisation of stiffness values obtained in the finite element analyses with the 
exact solution, rather than the value found in Bell's analyses. 
Note also that Eq. 8-2 and Eq. 8-3 to Eq. 8-7 assume the soil to be an isotropic, 
homogeneous elastic half-space. Thus any spatial or directional variations in 
elastic properties will modify the stiffnesses. The finite element analyses in 
Section 7 all assume a constant, isotropic undrained Young's Modulus, Eu, of 
10OMPa and a Poisson's ratio, v, of 0.499, for the reasons described in Section 
2.2.1. The results obtained here may therefore be compared with these 
Equations. 
It has been shown in Section 4.2.1 that the vertical stiffness, K1, is strongly 
influenced by the presence of a rigid boundary at a depth 'H' beneath the footing. 
In practice this may be due to a layer of stiffer material underlying the clay 
deposit. It is anticipated (and investigated later in Section 8.3.1) that the elastic 
stress field around a spudcan for horizontal and/or moment loading will similarly 
be influenced by the presence of this rigid boundary beneath. Additionally the 
lateral extent of the finite element meshes used in Section 7 may also influence 
the stiffness values obtained here. 
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8.2.2 Determination of shear modulus by the SNAME (2002) 
recommended practice 
The SNAME standards (both past and present) provide guidance as to the 
appropriate shear stiffness for a particular soil by relating it to the undrained 
strength with a parameter, 1, - the rigidity index, as in Eq. 8-10. 
G=I, S, Eq. 8-10 
This crude expression is an unfortunate necessity due to the extent of typical site 
investigations undertaken for the site-specific assessment of a jack-up rig. 
Undrained triaxial soil tests using local strain measurements are unheard-of as 
the typically ephemeral nature of a jack-up installation does not generally warrant 
such expenditure, despite each unit's value and earning potential'. 
The original SNAME Bulletin 5/5A (1994) suggested a value of 39 for the rigidity 
index, noting that laboratory testing of normally and over-consolidated clays can 
have values of 200 and 140 respectively (where the latter is defined as having an 
overconsolidation ratio, OCR, greater than 7.0). The existence of small-strain soil 
stiffness or stiffness anisotropy is, however, not mentioned. 
The first revision of the SNAME code in 1997 increased the recommended 
values for the rigidity index to those presented in Table 8-2. Additionally, the 
'Commentary' section notes that for small-strain situations, such as fatigue 
analyses, higher values - as much as 1000 - may be used for normally 
consolidated clays, citing the work of Wroth et al. (1979) and Andersen (1992). 
Soil state OCR Rigidity Index Valueq Ir 
Normally consolidated clays <4 200 
Lightlyoverconsolidatedclays 4<0CR<10 100 
Overconsolidated >10 50 
Table B-2 Elastic rigidity Indices for various degrees of consolidation 
recommended by the 1997 Revision 1 of the SNAME Bulletin 515A - 
1 The major portion of an offshore site investigation's cost is actually due to the 
mobilisation of the site investigation equipment to the site rather than collection or testing 
of the soil sample. 
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The above increases in the recommended rigidity index values have made some 
progress towards removing the apparent conservatism of the design code with 
respect to foundation stiffness (refer to Section 8.2.5), however most practitioners 
agree that the current values still result in significant underestimates of footing 
stiffness. Shell Expro, for example, has its own proprietary procedure for 
calculating the appropriate rigidity index that produces far higher predicted 
spudcan stiffnesses than the SNAME guideline (Hunt et al. 2001). In 1999, the 
International Association of Drilling Contractors (IADC) commissioned a joint 
study by Noble Denton Europe and Oxford University that produced 
recommendations for significantly increasing the rigidity index values over the 
whole range of consolidation states, as shown in Figure 8-7, with 1, =400 for lightly 
overconsolidated clays. This work was based on the back-analysis of 8 field 
records of jack-up platforms in sand and clay soils during storms with return 
periods of up to only one year using Oxford University's JAKUP program 
described in detail in the theses of Martin (1994), Thompson (1996) and Cassidy 
(1999). The spudcan foundation behaviour was assumed to follow Model B for 
clay soils (Martin, 1994) and Model C for sand soils (Cassidy, 1999). 
Both the Shell and IADC rigidity index relationships are routinely used in the site 
assessments of jack-up rigs around the world. 
1000 
100 
. LM cr. 
--O-Case Histories 
-SNAME (2002) 5/5A Rev. 2 
IADC / Noble Denton Europe / 
Oxford University Recommendations 
10 
10 100 
Overconsoliclation Ratio (OCR) 
Figure 8-7 Rigidity Index values recommended by the Noble Denton Europe 
Ltd. / Oxford University (2005) study. 
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The combined loading analyses presented in Section 7 assume a uniform 
undrained strength of 50kPa and undrained Young's modulus of IxIO5 kPa, 
corresponding to a rigidity index of 667. Although this figure is far higher than that 
recommended in Table B-2, the analysis of the results obtained include 
normalisation with respect to the soil's stiffness and strength, thus the values 
used in the analyses are inconsequential. 
8.2.3 Degradation of rotational foundation stiffness under combined 
loading 
In order to replicate the soil plasticity that will occur around spudcans at higher 
load levels, the foundation capacity framework within the SNAME recommended 
practice degrades the initially elastic spudcan stiffness, K3, by a factor, fr, that 
depends upon the normalised proximity of the spudcan's load state to its bearing 
capacity envelope, rf, as in Eq. B-1 1 and Eq. 8-12. 
K, g = fK3 Eq. 8.11 
where: 
f', = (rf ) Eq. B-12 
This proximity can be expressed in a non-dimensional form, rf, equal to 
QMVH/FMVHthat varies between zero, for conditions of zero horizontal and moment 
load, to 1.0 at the failure envelope (()MVHis the moment load applied and FMVH is 
the ultimate moment capacity in combination with horizontal loading for the 
particular vertical load level being considered, as illustrated in Figure 8-8). 
The definition of rf is illustrated in Figure 8-8 in the horizontal-moment load plane 
for a particular ratio of Qv/Fv assuming, as does the SNAME (2002) 
recommended practice, an ellipsoid failure envelope. The horizontal and moment 
capacities are thus assumed to be mutually unique - i. e. for a given vertical load 
level a single, unique moment capacity corresponds to a given horizontal 
capacity value, and vice-versa. The data obtained in Section 7.3.4, however, 
suggests that for low vertical load ratios that neither the horizontal nor moment 
capacities for conical footings are unique for a given vertical load ratio. For 
example in Figure 7-72, For Ov/Fv=0.0, a moment capacity of 0.7ADSu occurs for 
FHvm/ASu = 0.15 and 2.0. 
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QmvH/ADS,, 
Fmv/ADS,, 
Spudcan 
combined 
load state 
FMVH/ADS,, I ------ 711, 
QMVH/ADS,, 
b 
a': 
Bearing capacity 
envelope 
()HVM/ASU 
FHvm/AS,, FHV/ASu 
Figure 8-8 Illustration of the definition of the failure ratio, rt, with respect to 
the horizontal-moment bearing capacity envelope for a given ratio of 
vertical load to preload (QvlFv). 
As the SNAME (2002) recommended practice assumes that the failure envelope 
is a parabolic ellipsoid, with its major and minor axes coincidental with the 
horizontal and moment load axes, the relationship for rf for any given vertical load 
ratio (Ov/Fv) is given by Eq. 8-13 for surface footings and Eq. 8-14 for an 
embedded footing. The latter includes the option of permits the development of 
soil-spudcan adhesion using the parameters: f, andf2. For full adhesion, f, f2`1 -0 
and the bearing capacity for Qv/Fv<0.5 is equal to that at Qv/Fv=0.5, as shown 
previously in Figure 7-40. However should spudcan-soil separation be more 
likely, f, = 1/2Qv/Fv and f2= 4(Qv/Fv)(l-Qv/Fv), causing the equation to reduce to 
the ellipsoidal form shown in Figure 7-49. 
QHVM -2 
+[ 
QMVH -20.5 
rf = 
a_ 
[ 
HLO 
_ 
MLO 
- Eq. 8-13 
b 
4[ -Qv 
][I 
- Vil 
Where: 
HL,, = AS,, + 2AsSL, 
MLo = 0.605ADSu ý- 0- 1 VLO 
Wo = 6.05ASu 
A the plan contact area of the spudcan 
As the laterally projected area of the spudcan (= zero for a flat, circular footing) 
r, =[f, H L,. 
2 0-5 
Q mvH f2MLo Eq. B-14 
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The exact form of Eq. 8-12 specified within the SNAME recommended practice 
has undergone development since the original version in 1991. Although not 
specifically stated anywhere within the code, the resulting degraded stiffness is 
the secant spddcan stiffness. 
The original SNAME (1994) Bulletin specified a linear reduction of the secant 
rotational stiffness, Eq. 8-15, based on the work of Noble Denton & Associates 
(1987) also reported in Osborne et al. (1991). The basis for the equation is the 
hyperbolic fit to centrifuge test data undertaken at Cambridge University. 
Osborne et al. suggest that the relationship was a preliminary attempt, 
presumably specifically for inclusion in the original SNAME (1994) recommended 
practice. They state that their proposed stiffness degradation approach "involves 
an over-simplification of the problem. It is suggested as a pragmatic and 
temporary solution. When the results of further research work become available a 
more rigorous approach may be possible. " 
Eq. B-15 
A critical review of spudcan fixity by SINTEF in 1996 included recommendations 
for revising Eq. 8-15 in order to provide a consistent formulation for the behaviour 
of spudcans on both sand and clay seabeds whilst avoiding the inclusion of a log 
function (that was perceived to be too complex for practitioners to usel 
Templeton, pers. comm. ). The resulting equation, Eq. 8-16, was incorporated into 
the 1997 1 st Revision of the SNAME code. 
f, = 11 --rf + 0.1 e "' ("I -') Eq. 8-16 
Templeton et al. (2003) and Templeton (2006b) have reported on work recently 
commissioned by the International Association of Drilling Contractors (IADC) to 
review the above relationship with respect to updating the SNAME and ISO 
design codes. In his opinion Eq. 8-16 is both "cumbersome" and "tedious" and 
has "so far defied attempts at being differentiated" (Templeton, pers. comm. ). 
Indeed at the recent 2006 ISO 19901-4 committee meeting, it transpired that 
none of the panel members present were aware of the reasoning for the 
equation's exact form. 
The Author notes, however, that if Eq. 8-16 defines the tangent stiffness (Eq. 
8-17) instead of the secant stiffness (Eq. 8-18) as in Figure 8-9, it is apparent that 
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Eq. 8-16 is practically the 'secant incarnation' of Eq. 8-15, Le. if it was originally 
mistakenly assumed that Eq. 8-15 represented the degradation of a spudcan's 
tangent stiffness then Eq. 8-16 would be a reasonable approximation to the 
degradation of its secant stiffness with load level. 
The tangent stiffness of an elastoplastic load-displacement curve is zero at the 
ultimate capacity, however the secant stiffness at ultimate capacity will 
necessarily be finite for a finite displacement. This could lead to the confusion 
that Eq. 8-15 is an equation for the degradation of tangent stiffness with load 
level. 
tan 
f, =9 
Eq. 8-17 
K3 
where: K" _ 
dQxf 
9 -- dO 
sec 
f, =8 
Eq. B-18 
K3 
where: K"' -- - 
Q" 
0 
Note that 0 is measured in radians 
1.0 
fr 
0.8 
0.6 
0.4 
0.2 
0.0 
-Secant stiffness 
Tangential stiffness 
1-rf 
0.0 0.2 0.4 0.6 0.8 1.0 
rf 
Figure 8-9 Representation of the stiffness reduction factor, fry as predicted 
by Eq. B-16 In terms of secant and tangential stiffness. 
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Interestingly if Eq. 8-15 is transformed from a secant stiffness degradation into a 
tangent stiffness degradation, the resulting equation for f*, is simply given by Eq. 
8-19 (the * denotes that it is with respect to tangent, not secant, stiffness). 
fr* 
= (I - rf ), Eq. 8-19 
Importantly, as the gradients of Eq. 8-15 and Eq. 8-16 in f, -rf space are non-zero, 
even at rf=O (the gradient, Sfr/8rf of Eq. 8-16 can be obtained numerically as -0.5 
at rf=O). This implies that the rotational stiffness is predicted to degrade even at 
very low load levels, and that there is no region in which elastic moment-rotation 
behaviour occurs. As will be seen in Section 8.2.5, this result is incongruous with 
the results of field measurement programs, and is incompatible with the moment- 
rotation responses observed in Section 7 in which elastoplastic behaviour is 
evident. 
Proposals are currently being made to the technical committee of the forthcoming 
ISO standard to adopt the recommendations made in Templeton (2006b), namely 
that the current reduction factor formula, Eq. 8-16, be replaced by an equation of 
the form shown in Eq. 8-20. This combines the stiffness reduction formulae for 
clay and sand from the original 1991 SNAME code - Eq. 8-15 and Eq. 8-21 
respectively - which assume a hyperbolic and exponential spudcan moment- 
rotation response. 
Where -1.0 <n<1.0 
rf - n) 
In[ 
(I nrf Eq. 8-20 
The value of 'n' chosen in Eq. 8-20 will depend upon the particular soil type. To 
recover Eq. 8-15, 'n' must be infinitesimally smaller than +1, whilst the 
formulation reduces to Eq. 8-21 for n=O. In order to ensure f, remains strictly 
between zero and unity for rf values between zero and unity, 'n' must necessarily 
lie between -1 and +1. 
- rf 
In(I - rf 
Eq. 8-21 
The resulting suite of stiffness degradation curves for values of 'n' are shown in 
Figure 8-10. 
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rf 
Figure 8-10 Secant rotational stiffness degradation curves predicted by Eq. 
8-20 for various values of W. 
Templeton (2006a) recommends an 'n' value of -0.5 as a default value for low 
plasticity clay conditions such as those found in the Gulf of Mexico. This appears 
to be based upon the reasonable quality of fit given by 'n' values of between - 
0.25 and -1.0 to the results of a number of finite element analyses described in 
Templeton et al. (2003). The analyses were undertaken using the modified Cam 
Clay constitutive model on a preloaded wished-in-place spudcan in normally 
consolidated clay with perfect backfill conditions (the space above the spudcan is 
completely filled with soil with identical soil properties to the surrounding 
undisturbed soil). These assumptions and conditions will necessarily result in an 
overly stiff response of the spudcan as the degradation includes contributions 
from the intact stiffness and strength of the backfill material. 
It would also appear that the study only considers the application of purely 
moment loading both with and without previous vertical preloading. The presence 
of combined horizontal loading will influence the mode of failure and therefore the 
stiffness degradation profile, as will be observed in Section 8.3.2. 
Where site-specif ic data for the appropriate 'n' value is lacking, a value of zero is 
suggested for sands and +1 .0 for a "very conservative treatment" of clays. More 
specific guidance as to the most appropriate value of 'n' for use in design is not 
yet available and no details are provided describing how parameters as spudcan 
shape and embedment and the soil properties or condition of the backfill material 
affect stiffness degradation. Similarly the site-specific data required in order to 
quantify the 'n' parameter is not prescribed. 
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8.2.4 Degradation of vertical and lateral foundation stiffness under 
combined loading 
The vertical load-displacement response for a preloaded spudcan is assumed to 
be elastic until the failure envelope is reached. For vertical loads that expand the 
failure envelope, the tangential 'plastic stiffness' is given by the rate of increase 
of vertical bearing capacity with depth (the gradient of the load-penetration curve 
at that depth). This is expressed in Eq. 3-4 and re-arranged here in Eq. 8-22 for 
consistency with the definitions of Ki, K2and K3given in Eq. 8-3 to Eq. 8-7. 
dQ, ; ZD 2 Kv = L. - = scNc + Eq. a-22 dw 4( dw 
Y) 
Although the analysis procedure within the SNAME recommended practice 
incorporates the degradation of rotational spudcan stiffness with load level, the 
lateral stiffness, KH, are typically assumed to remain perfectly elastic at loads 
within the failure envelope. Although this is valid for the specific case of a rough 
flat footing at the surface under purely horizontal loading (see Figure 6-14 for a 
strip footing and Figure 7-31 for a circular footing) this will be shown in Section 
8.3 to be entirely inappropriate for the case of conical footings, or flat footings 
under combined horizontal-vertical and/or moment loads. 
8.2.5 Performance of the SNAME (1997) recommended practice 
compared to field measurements of static fixity 
The SNAME (1997) design guideline has been shown by several authors (refer to 
Appendix 21) to significantly underpredict the initial stiffness of spudcan 
foundations on both sand and clay soils. This is clearly demonstrated in the work 
of Temperton et al. (1999), whose back-analyses of seven case histories of field 
fixity measurements has shown the code's predictions of the spudcans' rotational 
stiffnesses to be in error by up to an order of magnitude, as shown in Figure 
8-11. 
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Figure 8-11 Comparison of the normalised spudcan rotation stiffness 
values predicted using the SNAME (1997) design code and the lower bound 
to the results of centrifuge tests at Cambridge University described in Murff 
et al. (1992), with those deduced from field measurements. Figure from 
Temperton et A (1999). 
The influence of such conservatism upon the predicted static fixities is shown in 
Figure 8-12, which shows that, for some cases, the fixity is twice that predicted by 
SNAME. This clearly has significant consequences as to the predicted loads 
within the jack-up structure and requires refinement. The subsequent revision of 
the code in 2002 will have gone some way to reducing the apparent 
conservatism. There have not, to the best of the Author's knowledge, been any 
comparative studies of measured fixities to those predicted by the 2002 revision 
in order to assess the degree of improvement gained. It is anticipated that a 
significant degree of conservatism with respect to spudcan stiffness is still 
inherent in the current recommended practice. 
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Figure 8-12 Comparison of static fixities measured at various platform 
locations in the North Sea with those predicted by the SNAME (1997) 
design code. Data from Temperton et al. (1999). 
Further information regarding the measurement of spudcan stiffness and fixity 
from field measurements is given in Section 9.2.2 and Appendix 21. 
8.3. ELASTIC STIFFNESSES DEDUCED FROM PRESENT STUDY 
8.3.1 Influence of mesh size upon elastic stiffnesses 
The accuracy of the meshes used in Section 7.3 with respect to the elastic 
stiffness behaviour is verified here by simply increasing the mesh extent in the 
radial and vertical directions as shown in Figure 8-13. The results obtained are 
listed in Table 8-3 and displayed in Figure 8-14. The vertical stiffness predictably 
reduces as the vertical boundary becomes further away from the footing, as 
discussed previously in Section 4.2.1. The errors in K, included in Table 8-3 are 
calculated relative to the solution (Eq. 8-4) for a rough rigid circular footing resting 
on an elastic half-space. The lateral stiffness parameter is relatively unaffected 
by the vertical extent, with greater improvements in its accuracy being achieved 
by extending the mesh laterally. 
The elastic rotational stiffness deduced from the standard finite element mesh is 
in excellent agreement with the closed form solution, with no discernible 
improvement being realised from the use of a larger finite element mesh. 
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Based on the values presented in Table 8-3, the accuracy of the standard mesh 
(used in Section 3) appears sufficient for its use in the subsequent investigations 
into the lateral and rotational stiffness of spudcans. 
Standard mesh 
Mesh 
height 
Figure 8-13 Method of extending the standard finite element mesh 
Mesh Mesh Mesh Error Error Error 
23 
width /R heiqht /R area /R 1 K, /GR 1 K2/GR lK3/GR in K, in K2 in K3 
15 10 150 9.100 5.709 5.364 14.0% 7.7', '1,, 0.6% 
30 20 600 8.516 5.524 5.359 6.7% 3.6% 0.7% 
45 20 900 8.484 1 5.487 ý 5.359 1 6.3% 2.9% ý 0., , 7% 
1 
45 30 1350 8.336 5.465 5.359 4.4% 2.5% 0.7% 
45 45 2025 8.269 5.456 5.359 3.6% 2.4% 0.7% 
90 90 8100 8.136 5.405 5.359 1.9% 1.4% 0.7% 
180 180 32400 8.101 5.391 5.359 1.5% 1.1% 0.7% 
Table B-3 Improvement in the accuracy of the deduced elastic stiffness 
parameters possible using larger finite element mesh extents. 
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Figure 8-14 Error in the estimation of the spudcan stiffness parameters for 
a rigid rough surface circuiar footing for various mesh sizes normalised 
with respect to the spudcan radius, R. 
8.3.2 Examination of the elastic stiffness matrix for spudcans 
The previous sub-Sections have described how the current SNAME 
recommended practice calculates the initially elastic vertical, horizontal and 
rotational spudcan stiffnesses. 
The finite element analyses described in Section 7 applied combined loading to 
spudcans of various geometries under a variety of conditions. The exact loads 
applied to the spudcan, and the corresponding displacements and rotations were 
recorded for each increment. 
Note here that the stiffnesses K1, K2 and K3 described in this Section do not refer 
to the non-climensionalised stiffness coefficients used in research reported by the 
University of Oxford, defined in Eq. 8-23 to Eq. 8-25. The definitions used here 
are stiffnesses for compatibility with the definitions in the SNAME (2002) 
recommended practice. The dimensions for the stiffnesses are thus kN/m for KI 
and K2, and kNm/rad for K3. Note also that, as a VHM (not VMH) load order is 
adopted here, the subscript numeral 2 refers to the horizontal direction for 
consistency with Bell (199 1), Ngo-Tran (1996) and SNAME (2002). 
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K, Eq. 8-23 GRw 
K, - 
QH 
Eq. B-24 GRit 
= 
QM K3 
GR 30 Eq. 8-25 
The vertical load-displacement histories during the preloading stages (both 
loading and unloading) permit the calculation of the vertical stiffness, Kv. The 
initial loading increments and all unloading increments should behave elastically, 
as shown in Figure 7-8, with Kv equal to KI, as defined in Eq. 8-26. 
Similarly the loads and displacements recorded during combined loading will 
characterize the horizontal and rotational stiffnesses, KH and Ko, defined in Eq. 
B-27 and Eq. 8-28 respectively. Again, the initial increments of combined loading 
should permit the calculation of the elastic horizontal and rotational stiffnesses, 
KH,, and Koo. 
Kv = 
9- 
Eq. 8-26 
w 
KH - 
QH 
Eq. B-27 
u 
KF 
QM 
Eq. 8-2a 0" -F 
With reference to the general stiffness relationship for a spudcan footing, Eq. B-2, 
repeated here in Eq. 8-29, it is noted that KHO 0 K2 and Koo 0 K3 for combined 
loading of conical footings due to the existence of the finite cross-coupling 
stiffness (K400) between the horizontal and moment load-displacement 
behaviours. The elastic horizontal and rotational spudcan stiffnesses, KH, ' and 
Koo, are defined in Eq. 8-30 and Eq. 8-31 respectively. The actual horizontal 
elastic stiffness of a spudcan, for example, is therefore influenced by, not only the 
horizontal loads and displacements but also, the spudcan's rotation and any 
moment loading applied. The elastic stiffnesses therefore exhibit dependency 
upon the ratio of horizontal to moment loading applied. 
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QV K, 00w 
QH 0 K2 K4 it Eq. B-29 
-Qu- _0 
K4 K3- 
-0- 
Kno = 
Q" 
= K2 + 
K40 
Eq. 8-30 uu 
Q" 
= K3 + 
K4U 
Eq. 8-31 00 
As the present analyses are load-controlled, it is more appropriate to relate the 
loads and displacements in terms of the components of elastic compliance: F1, 
F2,173and F4as shown in Eq. 8-32. By inverting the stiffness matrix in Eq. 8-29, 
the compliances can be related to their corresponding elastic stiffnesses using 
Eq. 8-33 to Eq. 8-35. 
F, 00 Qv 
u0 
F2 F4 QH Eq. B-32 
00FF 43-, QM 
F2 
K3 
2 Eq. 8-33 K2K3- K4 
F3 =_ 
K2 
2 Eq. B-34 K2K3 
- 
K4 
F4 =- 
K4 
2 Eq. 8-35 K2K3 
- 
K4 
It can similarly be shown that the converse relationships are given by Eq. 8-36 to 
Eq. 8-38. 
K2 = 
F3 
2 Eq. 8-36 FF -F 234 
K3 =_ 
F2 
2 Eq. 8-37 F2F3- Fý 
K4 =_ -F4 2 Eq. B-38 F2F3- Fý 
The application of purely horizontal and purely moment loads to the spudcan 
permits the determination of the three components of elastic compliance as in 
Eq. 8-39 to Eq. 8-42. 
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F2 = 
For purely horizontal 
u 
Q1, = 
K21 
Eq. 8-39 
loading: 
F4 = 
0 
Qfl 
= K41 Eq. 8-40 
F3 = 
For purely moment 
0 
QM = 
K31 
Eq. 8-41 
loading: 
F4 = 
U 
QM = 
K4 
Eq. B-42 
Calculation of a conical spudcan's elastic horizontal and rotational stiffnesses 
when subjected to combined horizontal-moment loading, however, requires the 
inclusion of the cross-coupling terms, as shown in Eq. 8-43 and Eq. 8-44, from 
Eq. 8-32. 
QH 
=(F + 
F4QAf KHo 
u2 QH Eq. B-43 
F4Q 
Ka, = 
Qm 
= 
(F3+ ýM-" 
Eq. B-44 0 
The ratio of the incremental horizontal and moment loads applied in each 
analysis is described by the parameter Y, defined again here in Eq. 8-45, which 
is equal to the tangent of the load angle, 0, as defined previously in Eq. 6-2. 
2RAQII 
= tan AQM Eq. 8-45 
By combining Eq. 8-45 with the two definitions of the elastic cross-coupling 
compliance, F4 in Eq. 8-40 and Eq. 8-42, the expected elastic horizontal and 
rotational displacements can be related to the load ratio, Y, and spudcan radius, 
'R', by Eq. 8-46. 
Qn r 
Qu 2R Eq. B-46 
By incorporating Eq. 8-46 into Eq. 8-43 and Eq. 8-44, the actual elastic horizontal 
and rotational stiffnesses of a conical spudcan subjected to combined horizontal 
and moment-loading vary with the load angle, r, and footing radius, R, according 
to Eq. 8-47 and Eq. 8-48 respectively. 
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KHO = 
Q'l 
F+ 
2RF4 
2r Eq. 8-47 u 
Koo = 
QAf 
F rF4 3+ 
2R Eq. 8-48 0 
As Ngo-Tran (1996) has previously shown K4 to be negative for conical footings 
(hence F4 is positive, from Eq. 8-35), the cross-coupling term increases the 
spudcan's elastic compliance (i. e. OH/U<F2'1 and Qm/0<1731. The application of 
combined loading therefore necessarily results in a reduction of elastic spudcan 
stiffness in both component directions. 
This is evident in the elastic stiffnesses deduced from the finite element analyses 
described in Section 7. Figure 8-15 shows the variation of the back-calculated 
normalised horizontal elastic stiffness, KHO/GR with the combined loading load 
angle, 0, for the example of a 12711 spudcan under no vertical load. The 
measured stiffness response observed in Figure 8-15 is in excellent agreement 
with that predicted from Eq. 8-47 using F2 and F4 values determined from purely 
horizontal loading. Similarly in Figure 8-16 one can see the influence of combined 
loading load angle on the elastic rotational stiffness for the same analyses. 
7.0 
KH. /GR 
6.0 
5.0 
4.0 
3.0 
2.0 
1.0 
0.0 
Load angle, 0 (1) 
K2/GR 
Figure B-15 illustration of the variation of horizontal elastic stiffness with 
combined loading load angle.. Q, predicted by Eq. 8-47 and determined from 
the load and displacement records,, for a 1271, conical footing under no 
vertical load 
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0.0 
=K3/GR3 
- Present analyses 
-Eq. 8-48 
15 30 45 60 75 90 
Load angle, E) (11) 
Figure 8-16 Illustration of the reduction of elastic rotational stiffness with 
combined loading load angle., e, predicted by Eq. 8-48 and determined from 
the same load and displacement records as for Figure 8-15. 
8.3.3 Vertical elastic stiffness values 
The elastic response of surface and embedded footings to vertical loading has 
previously been investigated in detail in Section 4, thus the discussion presented 
here is limited to the elastic stiffness values measured during the loading and 
unloading stages of the preloading stages of each spudcan geometry. 
A typical spudcan load-penetration curve is shown in Figure 8-17. As discussed 
earlier in Section 7.2.3, the loading curve is elastic up to the point of first yield 
whilst the unloading curve should remain elastic throughout. There are therefore 
two opportunities for calculating the undrained vertical stiffness of a spudcan. 
The normalised vertical elastic stiffnesses (Ki/GR) for the analyses described in 
Section 7 are shown in Figure 8-18 for both preloading phases. The exact 
solution of Poulos & Davis (1974) corresponding to the mesh depth considered 
here (H/D=5, see Section 4.2.1) is 8.898. The initial stiffnesses derived from the 
loading and unloading stages are all within 1 and 4% of the Poulos & Davis 
(1974) solution respectively, with no discernible relationship between Kj/GR and 
the cone angle, P. The circular footing shows a particularly accurate loading 
stiffness, whilst the unloading stiffness is 2.3% greater than that predicted by 
Poulos & Davis (1974). 
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The loading stiffness values presented Figure 8-18 are all consistent to within 
0.9%, and the unloading stiffnesses are consistent to within 1.2%, This stiqgests 
that the cone angle does not influence the vertical undrained stiffness, thus the 
predictive equations for a footing's elastic load-displacement behaviour derived in 
Section 4 are also suitable for use with conical spudcans that have a cone angle, 
P greater than 127". 
0.0% 
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0.4% 
E 0.6% 
4) 
CL 
0.8% 
I ro, I . 1) (0 
Figure 8-17 Load-penetration response for the case of a 20m diameter 
circular footing during preloading obtained in Section 7.2-3. 
9.3 
N Loadi 
Ki/GR 9.2 El Unloa 
9.1 
Solution of 
Poulos& Davis 90 
(1974) = 8.898 
...... 8,9 
8.8 
127 135 150 150 163 180 
(spiked) 
Cone angle (') 
Figure 8-18 Normalised vertical stiffnesses deduced for various spudcan 
geometries at the seabed surface from the first loading and unloading 
increments of preloading. K, calculated from Eq. 4-14 equals 8.937 for 
HID=5.0. 
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8.3.4 Degradation of vertical stiffness 
All spudcan geometries studied here demonstrate a reduction of vertical stiffness 
during the unloading phase Qv/Fv < 0.8, as shown in Figure 8-19, which can be 
represented by Eq. 8-49. 
9.4 
KI/GR 
9.0- 
8.6 
8.2 
7.8 
7.4 
* 127 degrees 
* 135 degrppq 
150 degrees 
150 degrees with spike 
13 163 degrees 
180 degrees 
-Eq. 8- 49 
1.0 0.8 0.6 0.4 0.2 0.0 
Ov/Fv 
Exact 
Solution 
Figure 8-19 The degradation of vertical tangential spudcan stiffness with 
load level during the unloading stage of preloading for spudcans of various 
geometries at the seabed surface. 
K, 
=9.3 1+0.08ln 
Q' 
Eq. 8-49 GR 
I 
Fv 
The reduction in vertical stiffness during unloading is caused by zones of 
plasticity that develop beneath the footings as they are unloaded. Although this 
would seem counter-intuitive, Figure 8-20 illustrates the regions of soil beneath a 
circular footing that have shear stress ratios (Trz/Su) greater than 50,75 and 95%. 
Consideration of the zones in the immediate vicinity of the footing's corners show 
that for Ov/Fv=0.8, all the soil has a shear stress greater than 75% of the 
undrained shear strength. As the vertical load reduces, so does the magnitude of 
the shear stresses beneath the centreline of the footing, however some plastic 
zones remain beneath the corners. These start to extend towards the footing 
corner for Qv/Fv ratios less than 0.6, and expand in size. The plastic zones 
gradually encroach into the zone of influence for the footing's unloading 
response, reducing the unloading stiffness measured from its initially elastic 
value as shown in Figure 8-19. 
Section 8 
Page 375 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
OvlFv= 1.0 
QvlFv=O. 6 
uI 
-1w1' I 4I Pl 1, 
I 
.. 
- / 
- 
I, 
, IV Wit 
N 
1% 4-., 10 
/ 
OvlFv=0.4 
N 
%% 
Iz ') 
QvlFv=0.2 
Q 
" 'I '- I 
'- I" 
II 
". \_ // 
-. i.. - __ 
- 
-t 
OvlFv=O. 1 
Q 
N P, .4 VI 
, r,, /S,, 1 <50% 1 50-75% 
Fioure B-20 Contours of shear stress ratio (= rrIS,, ) within the soil beneath a .W 
rough circular footing being unloaded, for various vertical load ratios, 
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The vertical elastic stiffnesses for a rough rigid circular surface footing are 
compared in Table 8-4 with the values obtained from finite element analyses 
performed by Bell (1991) and Ngo-Tran (1996), who used a larger mesh size, 
and the solution of Poulos & Davis (1974). Bell and Ngo-Tran's values are 
compared to the exact solution for a rough circle resting on an elastic half-space 
with a Poisson's ratio of 0.49, whilst the values obtained here are compared with 
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the exact solution of Poulos & Davis (1974) for v=0.5 for a normalised mesh 
depth, H/D, of 5.0, shown previously in Figure 4-8. 
Although the presently obtained values are greater than the exact solution for an 
elastic half-space, the accuracy compared to the solution for H/D=5.0 is 
excellent. 
Poisson's Depth to Deduced Exact 
Analysis ratio, v rigid base K, /GR solution Error 
Bell, 1991 8.151 +1.9% 
Ngo-Tran, 1996 
(axi-symmetric) 0.49 20OR 
7.986 
7.844 -0.2% 
Ngo-Tran (1996) _ 
(full 31)) 8.197 +2.5% 
Present study 
(loading) 8.904 +0.1% 
0.499 IOR 8.898 
Present study 
(unloading) I I 
9.098 
- 
+2.2% 
Table 8-4 Errors In the analyses of Bell (1991), Ngo-Tran (1996) and the 
present study for the deduced values of Kj1GR. The errors are calculated 
relative to the corresponding exact solution of Poulos & Davis (1974) given 
in Figure 4-8 for the same Poisson's ratios and mesh depths. 
The variation of vertical stiffness during unloading for an embedded spudcan, as 
described in Section 7.3.6, are shown in Figure 8-21. The initially greater vertical 
stiffnesses of the deeper embedded spudcans reduce at a greater rate with 
vertical load compared to the surface footing such that for vertical load ratios less 
than 0.6, the surface footing is actually stiffest. 
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Figure 8-21 The degradation of tangential vertical spudcan stiffness with 
vertical load level during the unloading stage for various normalised 
spudcan embedments (ZID). 
8.3.5 Horizontal and rotational elastic stiff nesses of surface 
spudcans 
The elastic horizontal spudcan stiffnesses, KHo, have been determined using the 
known horizontal loads applied during the analyses described in Section 7.3 and 
the average radial displacement of the load application points (defined in Figure 
7-6) at the Oth and 6 th harmonics. The rigid body horizontal displacements, u, are 
calculated as in Eq. 8-50. Horizontal loading of the footing, as shown in Figure 
8-22, in the direction of the zeroth Fourier harmonic will result in positive and 
negative radial displacements of the nodes located on the circumference at the 
zeroth and sixth Fourier harmonics respectively. 
Oth 6th 
=-r -Ur Eq. 8-50 2 
Where: 
u is the horizontal footing displacement, 
Ur Oth is the horizontal displacement of the load application point for the zeroth 
Fourier harmonic, and 
UrIt' is the horizontal displacement of the load application point for the sixth 
Fourier harmonic. 
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Figure 8-22 The footing nodes at which the horizontal displacements are 
evaluated for the example of a 150 0 conical spudcan. 
Similarly the rotational stiffnesses have been calculated based on the applied 
moment loading about the load reference point (refer to Figure 7-6). The rigid- 
body rotations about the load reference point are calculated, using Eq. 8-51, from 
the measurements of the vertical displacements of the load application points at 
the zeroth and sixth Fourier harmonics. 
6th Olh 
Footing rotation =0= arctan Eq. 8-51 1) 
Where: D= the spudcan diameter 
Note: 0 is customarily expressed in radians for consistency with the closed-form 
solution for K3, Eq. 8-7. 
Positive rotations are those in a clockwise direction and the vertical 
displacements are positive in the upward direction. 
For each of the spudcan geometries investigated in Section 7, the three elastic 
compliance parameters F2, F3 and F4 are determined using Eq. 8-39 to Eq. 8-42 
which require the applied load and displacement data for analyses with combined 
loading ratios of r=O and r=-, i. e. purely moment and purely horizontal loading. 
Knowledge of the three component compliances permits calculation of the elastic 
stiffness parameters, K2, K3and K4 using Eq. 8-36 to Eq. 8-38. 
The normalised horizontal, rotational and cross-coupling stiffnesses obtained 
here under no vertical loading are presented in Table 8-5 and plotted in Figure 
8-23 for each cone angle. Conical footings with sharper cone angles exhibited 
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the greatest horizontal stiffness and the most negative cross-coupling stiffness. 
The rotational stiffness, however, is unaffected by the cone angle for the range of 
geometries examined here. This is consistent with the earlier observation in 
Figure 7-69 in Section 7.3.4, which noted that the failure capacity of a conical 
footing under moment loading is independent of cone angle for angles greater 
than approximately 116 " (estimated from Figure 7-70). 
The normalised elastic parameters for non-zero vertical loads show some 
variation with the vertical load ratio, Ov/Fv as shown in Figure 8-24 to Figure 8-26 
for each of the cone geometries studied. 
Coneangle K2/GR K3/GR 3 K4/GR 2 
127' 6.80 5.581 -0.393 
135' 6.575 5.484 -0.253 
1500 6.223 5.399 -0.088 
Spiked 1501, 6.267 5.460 -0.108 
1630 
180" 
5.976 
5.709 
5.390 
5.363 
-0.018 
0.009 
Table 8-5 Elastic stiffness parameters determined from the analyses 
described in Section 7 for Ov'Fv=0.0. 
K2, K3 8 
GR GR" 
6 
5 
4 
3 
2 
0 
127 135 150 Spiked 163 180 
150 
Cone Angle 
K,, /G R 
K, /G R3 
K4/GR 2 
0.0 
02 
K4 
' dR 
0.4 
Figure 8-23 Comparison of the elastic stiffness parameters for the various 
conical footings investigated in the present study for QvlFv=0.0. 
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Figure 8-24 Variation of the normalised horizontal stiffness Parameter 
K21GR with vertical load levei, OvlFv. 
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Figure 8-25 Variation of the normallsed rotational stiffness parameter 
K31GR3 with vertical load level, OvlFv. 
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Figure 8-26 Variation of the normallsed cross-coupling stiffness parameter 
K41GW with vertical load level, QvlFv. 
For each cone geometry, the magnitude of the horizontal and rotational elastic 
stiffness components at non-zero Ov/Fv ratios are less than the corresponding 
value for Qv/Fv=0.0. It is evident, therefore, that the preloading procedure 
reduces the elastic stiffnesses. The initial horizontal load-displacement and 
moment-rotation curves were, however, linear for all Qv/Fv ratios. 
The horizontal and cross-coupling stiffnesses do not vary significantly with the 
vertical load ratio, however the rotational stiffness can clearly be seen in Figure 
8-25 to reduce with unloading for Qv/Fv ratios less than 0.8, with all of the conical 
geometries experiencing a near identical reduction in rotational stiffness. 
This reduction can be estimated by Eq. 8-52, as shown in Figure 8-27. 
K3 
1- 0.27 1- Qv Eq. B-52 K3(ov 
IF, =O. O) Fv 
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Figure 8-27 Comparison of the quality of fit of Eq. B-52 for expressing the 
variation of the elastic rotational stiffness, K3, normalised with respect to 
the value under no vertical load, with vertical load ratio, OvlFv. 
The reason for the rotational stiffness reduction may be due to the development 
of zones of plasticity around the spudcan during the unloading stage of 
preloading, shown previously in Figure 8-20. The initial unloading reduces the 
shear stresses within the soil underneath the footing, however, at vertical load 
ratios less than 0.4, the shear stresses beneath the footing increase, with some 
plasticity (shown with black shading in Figure 8-20) occurring in the vicinity of the 
footing's corners. The plots corresponding to Qv/Fv=O. l and 0.2 show the failure 
surface for purely moment loading which can be seen to contain zones of high 
shear stresses. Interestingly the relative reduction in K3 with Ov/Fv is 
approximately equal to the reduction in K, observed earlier in Figure 8-19. 
The results from the present analyses for a flat, rough circular surface footing 
with respect to horizontal stiffness have been compared with the results obtained 
by Bell (1991) and Ngo-Tran (1996) for Qv=0.0 in Table 8-6. The three values are 
compared with the solutions of Bycroft (1956) for rough footings (Eq. 8-5) using 
the appropriate Poisson ratio specified in each analysis. it can be seen that the 
present analysis does not offer the same accuracy as those of Bell or Ngo-Tran, 
however this would appear to be due to the smaller mesh extent, studied 
previously and shown in Figure 8-14, rather than the discretisation of the 
elements around the footing. 
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Poisson's KAR deduced 
Analysis ratio, v from analysis Eq. 8-5 Error 
Bell (1991) 5.474 +3.3% 0.49 5.299 
Ngo-Tran (1996) 1 5.554 +4.8%1 
Present study 0.499 5.709 5.330 +7.1% Ov/Fv=0.0 
Table 8-6 Errors In the deduced values of K21GR from the analyses of Bell 
(1991), Ngo-Tran (1996) and the present study for the OvlFv=0.0. 
The values of K2 for the various cone geometries studied in Section 7.3.4 are 
shown in Figure 8-28. As no closed form solution exists for the elastic horizontal 
stiffness of conical footings, the results obtained here can only be compared with 
those of Ngo-Tran (1996) in which a general agreement can be seen. Sharper 
cone angles result in a stiffer response as the footing has a greater laterally 
projected area, and thus incurs a greater resistance from the soil. The preloaded 
spudcans are slightly softer than those that have not experienced any vertical 
loading. The spiked footing shows little increase in horizontal stiffness although 
this should be expected as the laterally projected area of the footing only 
increases by 12%. Figure 8-29 shows that the rate of increase of horizontal 
stiffness with cone sharpness is, however, greater than the rate of increase of the 
footing's laterally project area. 
A more pronounced effect would be expected for soil whose stiffness increases 
with depth, as the spike would extend into stiffer soil than for the main body of the 
spudcan. 
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Figure 8-28 Comparison of the lateral stiffness parameter, K2, deduced by 
Ngo-Tran (1996) and in the present study from purely horizontal loading of 
various conical spudcans. 
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Figure 8-29 Variation with the cone angle of the laterally projected area, and 
the horizontal stiffness of conical footings relative to that for a circular 
footing. 
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The back-analysed rotational stiffnesses obtained from purely moment loading 
can similarly be validated with the closed form solution of Poulos & Davis (1974). 
described previously in Eq. 8-7, and compared with the results of Bell (1991) and 
Ngo-Tran (1996). The comparison of the K3/GR 3 values for circular footings under 
no vertical load in Table 8-7 shows the analyses in Section 7.3.2 to demonstrate 
an excellent degree of accuracy. This is reassuring for the present study as the 
equation for the static fixity of a platform (Eq. 8-1) requires the spudcan's 
rotational stiffness, which is hence the most critical in this study. 
Poisson's K3/GR 3 deduced 
Analysis ratio, v from analysis Eq. 8-7 Error 
Bell (1991) 5.410 +3.4% 
Ngo-Tran (1996) 0.49 5.563 
5.229 
+6.3% 
Present study 
Qv/Fv=0.0 0.499 5.363 I 
5.323 
I 
+0.8% 
Table 8-7 Errors in the results of the finite element analyses of Bell (1991), 
hgo-Tran (1996) and the present study for the deduced normallsed elastic 
rotational stiffness, K31GRI for a flat, circular surface footing. 
Figure 8-30 compares the rotational stiffnesses of conical spudcans with those 
found by Ngo-Tran. 
Again it can be seen that the present values for Qv/Fv=0.5 are less than those for 
no vertical loads, due to the presence of zones of plasticity around the footing's 
edge at low Qv/Fv ratios. From Table 8-7, it is noted that Ngo-Tran's value for 
K3/GR 3 for a flat, circular footing for Ov/Fv=0.0 is in greater error to its 
corresponding closed-form solution than the value obtained here. This 
overestimation of rotational stiffness may also be observed in Figure 8-30 for 
conical footings, and suggests that the values obtained here for conical footings 
have a similar degree of accuracy as for the circular footing. 
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Figure 8-30 Comparison of the normalised rotational stiffness, K31GF? 3 , 
deduced by Ngo-Tran (1996) and the present study from purely moment 
loading of various spudcan geometries at the soil surface. 
The rotational stiffness is largely unaffected by the cone angle for the range of 
values examined here. The value of K3/GR' for a spudcan with a 127' cone 
angle, for example, is only 4% greater than for a flat, circular footing. Note that 
although Ngo-Tran found a footing with a cone angle of 120" to have a rotational 
stiffness some 9% greater than for a circular footing, extrapolation of the 
presently obtained data would only suggest an improvement of only 6.5%. 
The inclusion of the spike for the 1500 footing (as illustrated in Figure 7-59) 
increases the elastic rotational stiffness by only 1.1 %. 
Based on the above data for K2/GR and K3/GR 3, a conical or spiked spudcan 
geometry does not appear to provide any significant benefit to a jack-up rig's 
static fixity. The present assumption that conical footings have the same elastic 
rotational stiffness as circular footings is therefore reasonable. 
8.3.6 Elastic stiffnesses under the application of combined horizontal 
and moment loading 
The values of K2, K3 and K, have been determined above by investigation of 
unidirectional loading of the spudcans for various vertical load ratios. The 
tabulated values for the three stiffness components are given in Appendix 20. 
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However, in order to be able to predict the behaviour of spudcans under general 
combined loading, it is necessary to check that the above elastic stiffness 
parameters are constant for all combinations of ve rtical- horizontal- moment loads. 
This is achieved here by examining the initially elastic horizontal and rotational 
stiffnesses for each of the analyses undertaken in Sections 7.3.2 and 7.3.4. Note 
that only the analyses that consider spudcan adhesion are considered here as 
the development of spudcan-soil separation reduces the spudcan stiffnesses, 
thus the results are incompatible with the closed-form solutions, Eq. 8-3 to Eq. 
8-7. 
For each cone geometry and vertical load ratio, the corresponding values of K2, 
K3and K4 listed in Appendix 20 (and displayed in Figure 8-24 to Figure 8-26) are 
used with Eq. 8-47 and Eq. 8-48 to calculate the horizontal and rotational 
stiffnesses, KHoand K90. 
The stiffnesses measured in each analysis are compared to those predicted by 
Eq. 8-47 and Eq. 8-48 using the corresponding F2, F3 and F4 values for the 
particular cone geometry and vertical load ratio. The differences between the 
measured values compared to those computed are typically less than 2% as can 
be seen from the plots shown in Appendix 20. Each of the lines in the plots refers 
to the normalised horizontal and rotational stiffnesses found for each vertical load 
ratio over the range of combined loading load angles. It can be seen that the 
stiffnesses are approximately constant for every vertical load ratio, with the 
rotational elastic stiffness values displaying slightly more scatter. 
Importantly this demonstrates that Eq. 8-47 and Eq. 8-48 (in conjunction with the 
values of K2, K3 and K4 corresponding to the particular footing geometry and 
vertical load level, tabulated in Appendix 20) can accurately represent the 
variation of horizontal and rotational spudcan stiffness with the ratio of horizontal 
to moment loading applied observed in Section 8.3.2. 
8.3.7 Horizontal and rotational elastic stiffnesses of embedded 
spudcans 
In Section 7.3.6, the effect of embedment on the combined bearing capacity of a 
spiked 1500 spudcan was investigated for homogeneous soil strength and 
stiffness. The study concluded that although some improvement occurred for Z/D 
ratios less than 0.25 to 0.5, further embedment did not, however, increase the 
bearing capacity envelope observed. Examination of the soil movements around 
the spudcan at failure revealed that this lack of improvement was due to the 
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localised nature of the combined horizontal-moment loading failure mechanisms 
that did not extend vertically upwards to any great degree. The depth of overlying 
soil, thus, did not influence the footings' behaviour at depths beyond Z/D=0.5. 
The data for the initial loading increments for purely horizontal and moment 
loading from the analyses in Section 7.3.6 have been used here to investigate 
the effect of spudcan embedment upon the elastic horizontal and rotational 
stiffness responses. 
Note that only the spiked 1500 conical spudcan geometry was investigated for a 
preload ratio, Ov/Fv, of 0.5. 
The proportionate increases in horizontal and rotational spudcan stiffnesses with 
embedment are shown in Figure 8-31 and Figure 8-32 respectively alongside the 
results of Bell (199 1) and Ngo-Tran (1996). 
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Figure 8-31 Improvement In elastic lateral stiffness (Kd2) with normallsed 
embedment depth (ZID) for spudcans subjected to purely horizontal 
loading. 
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Figure 8-32 Improvement in elastic rotational stiffness (K3) with embedment 
depth for spudcans subjected to purely moment loading. 
The magnitudes of the increases in horizontal and rotational stiffness noted from 
the present analyses are not as great as those found by Bell, which form the 
basis of the Kd2and Kd3parameters in the current SNAME (2002) recommended 
practice. 
The mesh used by Bell for the analysis of embedded footings (shown in Figure 
8-33) although well-conditioned (refer to Section 2.1), is relatively coarse, 
especially in the region surrounding the footing. Bell's mesh has six wedges, 
each comprising 116 20-noded tetrahedral elements for Z/D=1.0, and represents 
half of the problem domain. For comparison, the present study for the same 
embedment uses Fourier Series Aided analyses with six harmonics each of 
1,286 8-noded elements to represent half the problem domain. The mesh used 
by Ngo-Tran (1996) contains . 
60% of the number of elements used here. The Kd2 
values of Ngo-Tran lie halfway between Bell's and the present study, however 
the Kd3 values deduced by Ngo-Tran are more akin to those found by Bell - both 
are significantly greater than those found here. The values Of Kd2 and Kd3 found 
by Ngo-Tran for P=15011 and 18011 suggest that the discrepancies between the 
present results and those of Bell cannot be attributed to the difference in footing 
geometry. 
It would seem most likely that the difference in horizontal and rotational 
stiffnesses with depth between the three studies is due to the preloading process 
used here that causes plastic zones to develop, hence producing an elastoplastic 
response of lower stiffness than the elastic analyses of Bell and Ngo-Tran. 
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Figure 8-33 Example of the finite element mesh used by Bell (1991) for the 
determination of the elastic horizontal and rotational stiffnesses of 
embedded circular footings (shown here for ZID=1.0). 
8.4. STIFFNESS DEGRADATION CURVES DETERMINED FROM 
PRESENTSTUDY 
8.4.1 Methodology 
Section 8.3 has investigated the initial elastic stiffness parameters for spudcans 
under combined loading. The following sub-Sections deal with the degradation of 
these stiffnesses at higher loads up to and including failure. 
The failure loads obtained in Sections 7.3.2 to 7.3.6 were deduced from 
inspection of the horizontal and rotational stiffness degradation curves, as 
described in Section 7.2.5. As noted previously in Section 4.3 for the analysis of 
vertical loading of footings on a Tresca-type soil, the load-displacement 
behaviour can be characterised by an initially elastic response, followed by 
elastoplastic behaviour beyond the point of first yielding which leads to an 
apparently log-linear degradation of stiffness. The development of errors in the 
results were identified by the departure of the stiffness response from this log- 
linear relationship, and permitted extrapolation of the measured load- 
displacement curves to determine a more accurate ultimate capacity. This is 
illustrated in Figure 7-23 in Section 7.2-5, repeated below in Figure 8-34. 
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In order to ensure the integrity of the data presented in this Section, the stiffness 
degradation data from the original analyses are only presented for the increments 
up to the onset of errors. The stiffness degradation data associated with the 
extrapolated portion is therefore omitted as it is conjectured rather than 
measured from the analyses. As the onset of residual errors occurred at loads 
close to failure, most of the plots presented in these Sub-Sections do not include 
data for loads greater than around 0.95 times the failure load (rf>=0.95). 
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Figure 8-34 Determination of the failure capacity from an analysis (circular 
footing, QvlFv--O. 0., r=O. 0) that terminated prematurely through the use of the 
log-linear stiffness degradation model. 
In the present section, the stiffness data from each analysis is interpreted using a 
different approach. The analysis, interpretation and discussion in this Section is 
related to the degradation of stiffness with load level, not displacement. As 
discussed in Section 8.2.3, this degradation is conventionally presented with 
respect to the normalised stiffness and load parameters, 'fr' and 'rl', defined 
previously in Eq. 8-11 and Eq. 8-13. 
As the elastic horizontal and rotational stiffnesses have been shown previously in 
this chapter to vary with the cone angle, P, vertical load ratio, C)v/Fv and 
combined loading ratio, Y, it is more appropriate here to calculate the stiffness 
reduction relative to the initial horizontal and rotational stiffnesses rather than to 
the elastic solutions, K2and K3- If this approach was not adopted the f, value at 
low combined loads will not necessarily be unity, complicating the comparison of 
the observed stiffness degradations. 
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In order to distinguish the stiffness degradation used here, the non- 
dimensionalised stiffness parameter is termed fr* as defined in Eq. B-53 and Eq. 
8-54 for horizontal and rotational stiffnesses respectively. 
Horizontal stiffness: fr* = 
KI, 
KHO Eq. 8-53 
Where KHo is obtained from Eq. 8-47 using the load ratio, r, and appropriate 
values of K2 and K4 from Appendix 20. 
Rotational stiffness: fr* = 
Kg 
Ka, Ea. B-54 I- 
Where KO,, is obtained from Eq. 8-48 using the load ratio, r, and appropriate 
values of K3 and K4 from Appendix 20. 
The results presented in Section 8.3 regarding the behaviour of the spudcans 
modelled here did not indicate whether tangential or secant stiffnesses were 
being considered, as they are equal during the elastic region. The entire elasto- 
plastic behaviour of the spudcan analyses from Section 7.3 is considered here, 
therefore it is now necessary to distinguish between the tangential and secant 
stiffnesses. Although secant stiffnesses are attractive for their tendency to 
'smooth' out any wayward data points (useful for laboratory-based research), the 
more tangible tangential approach is preferred here. It would seem more intuitive 
that the stiffness of a foundation should degrade to zero at the onset of failure, as 
is the case with tangent stiffness, as failure should be the point at which infinite 
displacements will occur for that load, thus corresponding to a stiffness of zero. 
Figure 8-35 compares the tangent and secant rotational stiffness degradation 
curves for the example of a spiked 1500 footing for Ov/Fv=0.4 under purely 
moment loading. The relative secant stiffness retains a significant value (I*r ow 0.5) 
even for loads very close to failure. Although the tangential stiffness data 
obtained here exhibit some scatter, the trend can be revealed using a moving 5- 
point averaging scheme as shown. 
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Moving 5-point average 
of tangent stiffness 
13 
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rf 
Figure B-35 Comparison of the rotational stiffness degradation of a spiked 
150 "conical spudcan for OvlFv=0.4 and r=0.0 In terms of secant and tangent 
stiffnesses. 
The SNAME (2002) recommended practice and SINTEF's (1996) report into fixity 
choose to represent their recommendations for the f, -rf relationship (Eq. 8-16) in 
lin-log space. There is, however, no clear justification for plotting the load ratio as 
a logarithmic function. 
8.4.2 Forms of degradation curves observed In the present study 
The horizontal and rotational stiffness degradation curves for the analyses 
described in Section 7.3 have been individually examined. It is noted that the 
degradation curves for a particular cone geometry and vertical load ratio are 
approximately equal, as illustrated in Figure 8-36 and Figure 8-37. Thus the 
horizontal and rotational stiffness degradations would appear to be independent 
of the ratio of horizontal to moment loading applied. The degradation relationship 
proposed in the SNAME (2002) recommended practice is shown alongside the 
rotational stiffness data to highlight how the standard significantly overpredicts 
the degree of stiffness degradation for a given moment. Note that the curve has 
been converted from its secant stiffness degradation form to a tangential stiffness 
degradation for consistency with the finite element analysis data. 
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Figure 8-36 Horizontal tangent stiffness degradation for a 1270 conical 
spudcan for a vertical load ratio, QvlFv, of 0.8. Each curve represents one of 
the 17 analyses undertaken at that vertical load level. 
1.2- 
1.0 
0.8 - 
0.6 
0.4 
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0.2 
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Figure B-37 Rotational tangent stiffness degradation for a 1270 conical 
spudcan for a vertical load ratio., OvlFvs of O. B. Each curve represents one of 
the 17 analyses undertaken at that vertical load level. 
Although the code predicts a greater reduction in rotational stiffness degradation 
compared to the present data, it has been shown in Section 8.3.2 that the use of 
K3as the initial elastic stiffness for combined loading involving a high proportion 
of horizontal loading (i. e. for large Y values) will result in an overprediction of the 
footing's rotational stiffness due to the effect of unloading and the cross-coupling 
term. The combination of these two inaccuracies means that the current design 
code may overpredict and underpredict a spudcan's rotational stiffnesses 
depending upon the ratio of horizontal to moment loading applied. 
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Careful visual examination of the dataset of 1,6321 stiffness degradation curves 
calculated from the various analyses described in Section 7.3 indicate that the 
general geometric form of the degradation curves can be reasonably 
characterized by the types of curve described in Table 8-8. 
Type Underlying behaviour Form of curve 
0- No data 
1- Linear Non-linear load-displacement f 
or moment-rotation response 1.0- 
with stiffness degradation 
occurring for all load 
magnitudes 
1.0 rt 
2- Curve Degradation of stiffness at all 
load levels with only a slight 1.0- 
reduction in f*r at low rf values. 
1.0 rt 
3- Elastic Elastic response for rf values f 
region then less than a certain threshold 1.0- 
curve x', beyond which the stiffness 
degrades. 
Eq. 
4- Bi-linear Elastic response for rf values feL 
less than a threshold Y, 1.0 - 
beyond which the stiffness 
degrades. 
N 
* , 1.0 
Table B-8 The four general geometric forms that are seen to provide a 
satisfactory fit to the stiffness degradation curves observed from the finite 
element analyses undertaken In Section 7.3.2 and 7.3.4. 
I 
The total of all horizontal and rotational stiffness degradation curves for the combinations 
of 6 cone geometries, 8 vertical load levels and 17 combined loading ratios. 
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The bar chart in Figure 8-38 shows the forms of equation that were found to give 
the best fit to the curves from the analyses. The general pattern suggests that the 
horizontal stiffness degradation curves exhibit a 'Type 2' form whereas the 
rotational stiffness degradation curves depend upon the vertical load ratio. For 
footings with vertical loads less than half of the preload, the rotational stiffness 
degradation curves show a 'Type 2' form, whilst footings with vertical loads 
greater than or equal to half of the preload show a bi-linear, 'Type 4' shape. 
0) 0 0) 0) 1» 0) U) 
. 0) -0) SU 
a a. aa 
CO 1) 
4 
Class 
(refer to 
Table 8-8) 
3 
2 
1 
0 
Figure 8-38 Forms of stiffness degradation curve most suitable for 
representing each of the various combinations of spudcan geometry and 
QvlFv ratio. 
The bi-linear, 'Type 4', model is characterised by equations Eq. 8-55 and Eq. 
8-56. 
For rf<ni -. J, -- 1. () Eq. 8-55 
For rf>m Eq. 8-56 1.0 
There are, however, several forms of equation that can fit the general shape of a 
'Type 2' degradation curve. 
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The four candidate equations chosen for consideration here are: 
r2 Elliptical f Eq. 8-57 f 
m r 
ff 
)n 
Cosine-based COS 2) Eq. 8-58 
Power curve rp Eq. 8-59 
Quadratic rf 
(I + q(rf - 1)) 
Eq. 8-60 (adopted by Templeton, 2006b) where -1 -0: 5 q: 5 1.0 
To determine the most appropriate expression, the horizontal stiffness 
degradation curves for r values greater than 0.75 are matched using the four 
forms of equation by iterating the corresponding constants, n, p and q. This was 
necessary as the horizontal stiffness data for r<0.9 were particularly scattered 
due to the minimal horizontal displacements that occurred in the low Y value 
analyses. The degradation curves predicted for the case of a spiked 1501, conical 
spudcan for Qv/Fv=0.6 and r=2.0 are shown in Figure 8-39. The corresponding 
measures of error for this cone geometry and vertical load ratio are illustrated in 
Figure 8-40, and the total error is illustrated in Figure 8-41. 
1.2 ,IIIIIIIIIi 
1.0 
0.8 
0.6- 
0.4- 
0.2 - 
0.0 4-ý 
0.0 0.2 0.4 0.6 0.8 
rf 
1.0 
r-1.1 - 
Figure 8-39 Best-fit curves produced by Eq. 8-60 to Eq. 8-58 for the 
horizontal stiffness degradation curve of a spiked 150* footing for 
QvlFv--0.6, r=2.0. 
a Data from FE analysis 
Ellipse 
-C 0 62 os (n= . ) x 
... Power (p=2.78) 
- X- Quadratic (q. 1.0) 
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0.9 1 1.3 1.45 1.7 2 2.5 3.5 5 10 
r 
Figure 8-40 Errors in the four equations of best fit shown in Figure 8-40 for 
a spiked 150 0 conical spudcan for QvlFv=O. 6. 
4.0 
3.5 
3.0 0 
2.5 
t7 
2.0 
1.5 
1.0 
0.5 
0.0 
0.5 
Power 
Figure 8-41 Total errors in the predictions of the four equations for a spiked 
1500 conical spudcan for QvlFv=0.6 relative to that incurred using the 
cosine-type equation. 
Processing of all the cone geometries and vertical load ratios reveals the cosine- 
based equation to give a far superior quality of fit to the horizontal Stiffness 
degradation curves. Consideration of the rotational stiffness degradation curves 
for Qv/Fv<0.5 has similarly shown this form of equation to also provide the best fit 
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to the rotational stiffness degradation curves found from the present finite 
element analyses. 
Eq. 8-58 is therefore adopted here as the basis for predicting the horizontal 
stiffness degradation for spudcans under combined loading. The optimum inhorIZI 
values are presented in Figure 8-42 for each vertical load ratio and spudcan 
geometry. The correlation with vertical load ratio, however, is rather unclear, with 
Eq. 8-61 providing a suitable representation of the swarm of 'nhc)rlzl values for use 
in design. 
1.0 
nhoriz 
0.8 
0.6 
0.4 
0.2 
$ 127 
-4- 135 
15 0 
spike 
163 
180 
4 
. 
-- -Eq. 8-61 
0.0 
0.0 0.2 0.4 0.6 0.8 1.0 
Ov/Fv 
Figure 8-42 Variation of the 'nhoriz"values of best-fit for modelling horizontal 
stiffness degradation for each of the cone geometries Investigated In 
Section 7.3 with Eq. B-58. 
2 
nhoriz=0.6+2 
g- 
-0.55 Eq. 8-61 Fv 
The optimal 'n,, t' values obtained for matching the rotational stiffness degradation 
curves are similarly shown in Figure 8-43. Note that the figure presents for 
Qv/Fvý! 0.5 the 'mot' value required in Eq. 8-55 and Eq. 8-56, and for Qv/Fv<0.5 
the 'n .. t' value for use in Eq. B-58 - the consistent slope and intercept between 
the two sets of coefficients is fortuitous, providing a conveniently consistent 
predictive equation, Eq. 8-62, for 'm .. t' or 'nrot' for Ov/Fv>0.0. For Qv/Fv=0.0 'nrot' 
for each cone geometry lies between 0.6 and 0.7, and can thus be approximated 
as 0.65. 
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The more coherent dataset of 'm, ot' and 'nrot' values shown in Figure 8-43 is due 
to the almost identical rotational stiffness degradation curves exhibited by the 
different spudcan geometries, as shown in Figure 8-44. This is consistent with 
both the similar ultimate moment capacities found previously for the different 
cone geometries with respect to bearing capacities (in Section 7.3.4), and elastic 
stiffnesses (in Section 8.3.5). 
1.0 
mrot for Ov/Fv2: 0.5 
nrot for Ov/Fv<0.5 
0.8 
0.6 1 
0.4 - 
0.2 
0.0 iiiii ---q 
0.0 0.2 0.4 0.6 0.8 1.0 
Qv/Fv 
Figure B-43 Variation of the 'mrt' and Inrot' values for rotational stiffness 
degradation for each of the cone geometries Investigated in Section 7. 
1270 
1350 
--Ck- 150 11 
6c spike 
X 1630 
180" 
-Eq. 8-62 
mro, = nrol = 0.94 - 0.6l(, 
2Fvv 
Eq. B-62 
Ov/Fv=0.2 Ov/Fv=0.8 
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0.6 
0.4 
0.2 
0.0 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 
Eq. 8-55 & 
Eq. 8-56 
-24 
0.0 0.2 0.4 
r, 
0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 
r, 
Figure 8-44 Rotational stiffness degradation curves for OvlFv=0.2 and 0.8 
for the spudcan geometries examined In Section Z3.4. In each plot, the 
dashed lines represent the predictions of Eq. 8-58 for OvlFv=0.2 and Eq. 
8-55 and Eq. B-56 for OvlFv=0.8, using n values calculated from Eq. B-62. 
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The accuracy possible using the above equations of best-fit is illustrated in Figure 
8-45 to Figure 8-47 for the example of a spiked 1500 spudcan. The goodness-of- 
fit is evidently excellent and commends the application of the above method for 
design. The performance of this method in predicting the behaviour of two 
randomly selected load cases from the work described in Section 7.3 is 
presented in Section 8.4.5 and compared with the approach given in SNAME 
(2002) and the actual load-displacement data. 
1.2 
fr 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 
ising 
om 
0.0 0.2 0.4 
rf 
0.6 0.8 1.0 
Eq. 8-58 
'nh 
6, 
orlz' 
fI 
; 
Eq. 8- 
Figure 8-45 Ouality of fit to lateral stiffness degradation data for a spiked 
150 " spudcans OvlFv--0.41 0.75 <r< -o. 
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Figure 8-46 Quality of fit to rotational stiffness degradation data for a 
spiked 1500spudcan, OvlFv--0.41 0.0<r<20. 
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Figure 8-47 Quality of fit to rotational stiffness degradation data for a 
spiked 1501'spudcan, OvlFv--0.8., 0.0 <r<5.0. 
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8.4.3 Degradation of the lateral and rotational stiffnesses of an 
embedded spudcan 
Section 8.4.2 summarises the stiffness degradation behaviour observed for 
spudcans present at the soil surface. Section 7.3.6 noted embedded spudcans 
gained a modest increase in bearing capacity, whilst Section 8.3.4 noted a 
similarly minor increase in initial vertical spudcan stiffness with embedment. The 
degradation of vertical stiffness with vertical load level, plotted in Figure 8-21, 
however, suggests the degradation of stiffness is more rapid for deeper footings. 
When the horizontal load-displacement data for the set of analyses undertaken in 
Section 7.3.6 are examined, as in Figure 8-48, there appears to be no discernible 
difference in the horizontal stiffness degradation curves for each embedment 
level. 
The rotational stiffness of embedded spudcans, shown in Figure 8-49, however, 
degrade slightly more for a given load ratio, rf, than for a shallow spudcan, 
resembling the behaviours previously observed for the vertical stiffness 
behaviours evident in Figure 8-21. The effect, though, is not as pronounced, and 
does not warrant inclusion in the analysis process. 
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Figure 8-48 Influence of spudcan embedment upon the degradation of 
K21GR with load level for purely horizontal loading (r=-o). 
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Figure 8-49 Influence of spudcan embedment upon the degradation of 
K31GR3 with load level for purely moment loading (r=0.0). 
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8.4.4 Summary of proposed spudcan stiffness model 
The presently proposed design approach for the determination of a spudcan's 
vertical stiffness under combined loading applies the following steps: 
1. Calculate the vertical elastic stiffness KI, taking into account the presence 
of any rigid (or approximately rigid) boundaries at depth using Eq. 4-14 in 
Section 4.4.2, noting that K, = 1.5nGR/p, 
2. Reduce the vertical stiffness using Eq. 8-49 to account for the apparent 
variation with vertical load ratio noted in Figure 8-19 in Section 8.3.3. 
The horizontal and rotational spudcan stiffnesses under combined loading can 
similarly be computed by the following steps: 
1. Select the K2/GR, K3/GR 3, and K4/GR 2 stiffness parameters appropriate 
for the spudcan's geometry from Table 8-5. 
2. Reduce the rotational stiffness in order to account for its variation with 
vertical load level, Qv/Fv using Eq. 8-52. 
3. Calculate the horizontal and rotational elastic stiffnesses, KHo and Koo, 
using Eq. 8-47 and Eq. B-48 respectively, using the appropriate undrained 
shear modulus, G, spudcan radius, R, and ratio of horizontal to rotational 
applied load, Y. 
4. Calculate the proximity of the current load state to the bearing capacity 
envelope, rf, for that vertical load ratio and combined load ratio (as in 
Figure 8-8) using the appropriate bearing capacity envelope equations 
established previously in Section 7.3.4 or the tabulated values in 
Appendix 11 to Appendix 16. 
5. Calculate the horizontal spudcan stiffness by degrading the horizontal 
elastic stiffness, KHO, by I*r calculated from Eq. 8-58 using an 'nhoriz' value 
calculated from Eq. 8-61. 
6. Calculate the rotational spudcan stiffness by degrading the rotational 
elastic stiffness, Ke,,, by multiplying by F, calculated from Eq. 8-56 for 
Qv/Fv>0.5, or Eq. 8-55 for Qv/Fv<0.5, using an 'm,,, t' and 'n,, t' values 
respectively, calculated from Eq. 8-62. 
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8.4.5 Verification of proposed model and comparison with the 
SNAME (2002) recommended practice 
In order to verify the performance of the above procedure, predictions are 
performed for two randomly chosen analyses from Section 7.3.4. The prediction 
from adopting the current SNAME recommended practice is also compared 
alongside. Templeton (2006b) has not proposed an appropriate value of W (as 
defined in his report - not the same as the W value defined here) to adopt for the 
analysis of homogeneous soils. This precludes a meaningful comparison of the 
method put forward to the ISO panel and that which is proposed here. 
The cases selected are for a conical spudcan with a cone angle of 135" for two 
loading combinations. The first was undertaken with a vertical load ratio, Qv/Fv of 
0.2 and an applied combined loading ratio, r, of 2.0. The second possessed a 
vertical load ratio of 0.8 with predominantly moment loading applied with a 
combined loading ratio of 0.75. This permits comparison of the two types of 
moment stiffness degradation identified in Section 8.4.2. 
The numbered steps of the proposed design method described in Section 8.4.4 
are followed through in Table 8-9 with the resulting load-displacement and 
moment-rotation curves presented in Figure 8-53 and Figure 8-54 for the two 
cases. The starting point for each set of predictions is to calculate the stiffnesses 
for rt values between 0.0 and 1.0. These rf values are converted to loads and 
moments using the corresponding bearing capacities. Knowledge of the loads 
and stiffnesses for each rf value permits the displacements/rotations to be 
calculated, and thus construction of the predicted load-displacement or moment- 
rotation curves. 
For the example of a 135 0 cone angle spudcan, the radius =I Orn, the undrained 
shear strength = 50kPa and the undrained Young's modulus =1 x1 O'kPa. 
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Step Ov/Fv=0.29 r=2.0 Ov/Fv=0.8, r=0.75 
1 K2/GR=6.806, K3/GR 3 =5.581, K4/GR 2 =-0.393 
2 K30v/Fv-0.2 =0.827K30v/Fv - 0.0 K30v/F"0.8 =0.989K30v/Fv - 0.0 
KHo= 2.11 xl 06 kN/m KHo = 2.16xl 06 kN/m 3 Koo = 151.2xl 
06 kNm/rad Koo = 180.8xl 06 kNm/rad 
rt varies between 0.0 and rf varies between 0.0 and 
1.0 in steps of 0.005 1.0 in steps of 0.005 
4 FHVM/ASu = 1.488, 
FHVM/ASU = 0.304, 
FMVH/ADSu = 0.744 FmvH/ADSu = 0.406 
from Appendix 13 from Appendix 13 
For KH: nhorlz = 0.845 For KH: nhoriz = 0.725 
5 Stiffness degradation Stiffness degradation 
shown in Figure 8-50a shown in Figure 8-51 a 
For Kq: nrot = 0.818 For Ko: Mrot = 0.452 
6 Stiffness degradation Stiffness degradation 
shown in Figure 8-50b shown in Figure 8-51 b 
Table 8-9 Steps Involved in the back-analysis of the two analyses chosen 
from Section Z3.4 for the comparison of the proposed design procedure 
with the predictions given by the current SNAME (2002) recommended 
practice. 
The stiffness degradation curves shown in Figure 8-50 and Figure 8-51 reveal 
the proposed stiffness approach to give a very good prediction of the finite 
element analysis data. As the SNAME (2002) design code does not specify any 
horizontal stiffness degradation with load level, the resulting prediction is elastic, 
perfectly-plastic. Note that the SNAME predictions use the ultimate capacities 
listed in Appendix 16 as the aim here is to compare the two stiffness models 
rather than the bearing capacity predictions. The SNAME stiffness degradation is 
specified with respect to the secant footing stiffness, and has hence been 
converted to a tangent stiffness reduction, as in Figure 8-52, for this comparison. 
The SNAME stiffness reduction can be seen in Figure 8-50b to give a very 
approximate representation of the observed stiffness degradation curve although 
with an opposing curvature. 
The curve for the high vertical load ratio example in Figure 8-51 b, however, is not 
modelled correctly by the SNAME approach, whereas the presently proposed 
model provides an excellent match to the data from the finite element analysis. 
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This is more clearly demonstrated in the normalised degradation curves In Figure 
8-52 where the performance of the SNAME formulation can be seen to be 
completely inadequate. As noted previously in Figure 8-44, the rotational stiffness 
degradations for the various spudcan geometries are almost identical, thus the 
qualities of fit observed for this example with respect to rotational stiffness are 
anticipated to be virtually identical for other spudcan geometries. 
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Figure 8-50 Comparison of the horizontal and rotational stiffness 
degradation curves predicted for the back-analysis of the behaviour of a 
13511 conical spudcan subjected to a vertical load that Is 0.2 times the 
applied preload and combined loading with aY value of Z 0. 
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Figure 8-51 Comparison of the horizontal and rotational stiffness 
degradation curves predicted for the back-analysis of the behaviour of a 
13511 conical spudcan subjected to a vertical load that Is 0.8 times the 
applied preload and combined loading with aY value of 0.75. 
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Figure 8-52 Comparison of the normalised tangent rotational stiffness 
degradation curves predicted for a 13511 conical spudcan for a vertical load 
ratio., OvlFv of 0.8 and combined loading ratio, 'r", of 0.75 
The load-displacement and moment-rotation predictions for the two illustrative 
examples randomly selected here are shown in Figure 8-53 and Figure 8-54. 
Clearly the elastic, perfectly-plastic behaviour assumed by the SNAME 
recommended practice will give an inaccurate representation of the elastoplastic 
horizontal load-displacement responses observed here. The predicted moment- 
rotation response for Ov/Fv=0.2, however, is of comparable accuracy to the 
presently proposed prediction. 
In the higher vertical load ratio example, however, the poor fit of the SNAME 
rotational stiffness degradation curve to the finite element data seen in Figure 
8-52 reveals itself in an unsatisfactory prediction of the moment-rotation curve, 
whilst the proposed method provides an excellent prediction. Again this level of 
performance is expected for all spudcan geometries based on the similarity of the 
moment-rotation curves found from the analyses in Section 7.3.4. 
For both load levels the horizontal load-dis place m ent curve is predicted 
extremely well by the proposed stiffness degradation approach, confirming the 
suitability of the cosine-based form of equation described in Eq. 8-58. With 
regard to the moment-rotation responses, the presently proposed method gives a 
satisfactory estimate for the case where Ov/Fv=0.2 and an excellent prediction for 
Qv/Fv=0.8. 
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Figure B-53 Horizontal load-displacement and moment-rotation curves for 
the back-analysis of the behaviour of a 135 * conical spudcan subjected to a 
vertical load that Is 0.2 times the applied preload and combined loading 
with a 'r' value of 2.0. 
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Figure 8-54 Load-displacement and moment-rotation curves for the back- 
analysis of the behaviour of a 13511 conical spudcan subjected to a vertical 
load that Is 0.8 times the applied preload and combined loading with a Ir' 
value of 0.75. 
Based on the above comparison with the finite element data obtained here, it can 
be concluded that the proposed spudcan stiffness model provides a satisfactory 
prediction of the rotational stiffness behaviour for Qv/Fv<0.5, and an excellent 
prediction for Qv/FvýtO-5 and for the horizontal stiffness behaviour for all vertical 
load ratios. 
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8.5. SUMMARY 
This Section has considered the undrained elastic stiffnesses of spudcans in 
homogeneous clay and their degradation with load level for a variety of spudcan 
geometries and loading conditions. The results obtained from the initially elastic 
behaviour observed in the analyses described in Section 7 have been validated 
wherever possible with existing solutions. The effects of spudcan geometry, 
embedment and loading conditions upon the resulting stiffnesses have all been 
examined. The elastoplastic component of the recorded load-displacement 
behaviours have been used to derive stiffness degradation curves for comparison 
with the relationship currently suggested in the SNAME (2002) recommended 
practice and that proposed by Templeton (2006b) for adoption by the forthcoming 
ISO design guideline for the behaviour of jack-up foundations. 
The specific findings of this Section are as follows: 
Static fixity is a measure of the relative stiffness of a jack-up rig's 
foundation to the rest of the structure and can be expressed as the ratio of 
the bending moment in the leg at the spudcan to that at the hull 
connection, as in Figure 8-1. Full fixity signifies a rigid spudcan, whilst 
zero fixity corresponds to a pinned foundation that is unable to sustain 
moment loading. 
Static fixity determines the distribution of loads in the jack-up and the 
bending moments within the leg structure. Spudcans that possess a 
greater fixity attract a greater proportion of the environmental loading to 
the footing rather than the hull-leg connection. 
eA greater degree of fixity is generally advantageous as it reduces the 
loads on the jacks and chocks and the hull motions during storm loads. It 
must be checked, however, that the reactions at the spudcans do not 
exceed the bearing capacity envelope. 
0 The current procedure for calculating the instantaneous stiffness of a 
spudcan specified in the SNAME (2002) recommended practice is to 
calculate the corresponding elastic secant stiffness of a circular footing at 
the surface. This elastic stiffness is then factored for the effects of 
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penetration, and multiplied by a factor, f, that reduces from unity to zero 
with the magnitude of the combined loading, as shown in Figure 8-9. 
The SNAME (1997) recommended practice has been shown by 
Temperton (1999) in Figure 8-12 to significantly underpredict the static 
fixity of spudcan footings. 
e The revision of the SNAME standard in 2002 has reduced this level of 
conservatism however it is anticipated, based on the work of Noble 
Denton & Oxford University (2005), that the recommended approach still 
results in significant underpredictions of a spudcan's initially elastic 
rotational stiffnesses and overpredicts its degradation with load level. 
An underprediction of the fixity of a jack-up rig at a particular location will 
overpreclict hull motions and the loads in the leg and leg-hull connection, 
and underpreclict the spudcan footing reactions during storm conclitions. 
The ability to accurately predict the fixity of a spudcan footing under high 
loading conditions is thus crucial to determining whether a rig's structure 
and foundations are capable of withstanding the expected environmental 
conditions at a given location. 
9 The committee of the forthcoming ISO guideline, which incorporates much 
of the SNAME approach, is presently considering the proposals of 
Templeton (2006b) that suggest a new formulation for the degradation of 
spudcan rotational stiffness with load level. 
e Measurements of the moment-rotation behaviour of spudcans during 
actual storms show their behaviour to be initially elastic, with some 
elastoplasticity at higher loads. The initially elastic stiffness is thus seen to 
reduce at higher load levels. 
9 The elastoplastic behaviour of spudcans can be due to geometric non- 
linearities that induce non-axial (P-A) loads in the leg, or non-linear soil 
behaviour ascribed to the development of plasticity within soil the around 
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the spudcan (Figure 8-3). The latter has been shown to occur at low load 
levels, even with the use of an elastic, perfectly-plastic soil model. 
e The first loading steps of the analyses described in Section 7.3 have been 
used to investigate the elastic behaviour of spudcans subjected to 
combined vertical, horizontal and moment loads. 
e The elastic vertical stiffnesses measured from the analyses show a 
significant dependency upon the depth of the finite element mesh, as has 
already been studied in Section 4.2.1. The effect of the mesh size upon 
the accuracy of the stiffness results obtained is presented in Figure 8-14. 
The elastic horizontal spudcan stiffnesses in the finite element analyses 
are more dependent upon the lateral extent of the finite element mesh 
used, as shown in Table 8-3. 
9 The elastic rotational stiffness of a spudcan is shown in Figure 8-14 to be 
insensitive to the mesh size used. The present study's mesh (that has a 
width of 7.51D and a height of 5D, where D is the spudcan diameter) has 
been shown to produce estimates of the rotational stiffness of a flat 
circular footing to within 0.7% of the closed-form solution. 
The influences of spudcan geometry, vertical load ratio, and the 
proportion of horizontal to moment loading applied upon the resulting 
elastic spudcan behaviour have been examined in this Section. 
The SNAME recommended practice currently neglects the influence of 
the cross-coupling stiffness, K4, which is non-zero for conical spudcan 
geometries. The lack of consideration of K4results in an overprediction of 
the rotational stiffness when horizontal loading dominates, and 
overpredicts the horizontal stiffness for predominantly moment loading. 
0 Values of the horizontal, rotational and cross-correlation elastic stiffness 
values K2, K3and K4 have been listed in Table 8-5 for surface spudcans 
of various cone angles under no vertical load, and in Appendix 20 for the 
various load levels investigated. 
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* Although shear stresses beneath a spudcan during unloading initially 
reduce, unloading past a vertical load ratio of 0.8 causes shear stresses 
to develop around the corners of the spudcan (highlighted in Figure 8-20), 
influencing the spudcan's vertical and rotational elastic stiffnesses (shown 
in Figure 8-19 and Figure 8-27 respectively) and their degradation with 
load level. 
e The elastic stiffnesses K2, K3 and K4 have been shown In Figure 8-24 to 
Figure 8-26 to be constant for any combination of horizontal and moment 
loading for a given spudcan geometry. The horizontal and rotational 
stiffnesses of conical spudcans under combined loading, however, require 
the inclusion of the cross-coupling term, and hence vary with the 
proportion of horizontal to moment loading applied, as illustrated in Figure 
8-15 and Figure 8-16. 
* The increases in horizontal stiffnesses for sharper cones, plotted in Figure 
8-29, are approximately equal to the increase in contact area (calculated 
as the plan area plus the laterally projected area). 
a The elastic rotational stiffness values found in the present study for purely 
moment loading (K3) are within 1% of the corresponding Boussinesq 
solution for a flat, circular footing and are thus not influenced by the 
spudcan's cone angle for the range of cone angles investigated here 
(P>l 27). 
The influence of the embedment depth of the spudcan upon the horizontal 
and rotational elastic stiffnesses has followed similar trends to those 
contained in the theses of Bell (1991) and Ngo-Tran (1996), as shown in 
Figure 8-31 and Figure 8-32. The magnitude of the increase of stiffness 
with depth for horizontal and rotational stiffnesses observed here, 
however, is significantly less than found in the comparative works. This 
may be due to the earlier studies using a relatively coarse mesh. 
The present results show that, for homogeneous soil conditions, spudcan 
embedment only produces slight increases in the horizontal and rotational 
stiffnesses, in the range of a few percent. 
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The degradation of tangent foundation stiffness, rather than secant 
stiffness, has been investigated in the present study as it Is more suitable 
for implementation in incremental analysis, and appears more intuitive as 
the stiffness value reduces to zero at the onset of failure. 
The degradation of tangent foundation stiffness with load level has been 
denoted in this study as V to avoid confusion with the degradation of 
secant foundation stiffness which is currently termed fr. 
The SNAME recommended practice does not consider the degradation of 
horizontal footing stiffness with load level, and hence predicts a linear 
horizontal pre-failure load-displacement response. 
The horizontal spudcan stiffness has been shown in Figure 8-45 to 
degrade from its initially elastic value at relatively low horizontal loads in a 
manner that can be well represented by a form of cosine relationship, Eq. 
8-58. 
There does not appear to be a rigorous scientific basis for the rotational 
stiffness degradation curve currently given in the SNAME recommended 
practice which resulted from a study by SINTEF (1996). 
The degradation of rotational stiffness proposed by Templeton (2006a, 
2006b) in Eq. 8-20 requires the knowledge of a parameter, 'n', whose 
value currently lacks specific guidance. 
The rotational stiffness degradation curves obtained in this study are 
virtually identical for the spudcan geometries studied., 
The rotational spudcan stiffness degradation depends upon the vertical 
load ratio for which loading is applied. For Ov/Fv<0.5, the degradation with 
load level, rf, can be seen in Figure 8-46 to also follow the same form of 
cosine relationship as for horizontal stiffness degradation, given by Eq. 
8-58. 
For Qv/Fv; -2- 0.5, the form of degradation curve changes to a 
bilinear form, 
described by Eq. B-55 and Eq. 8-56, as presented in Figure 8-47. 
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Neither the current SNAME rotational stiffness degradation curve, nor the 
quadratic form proposed by Templeton (2006b), provide a good match to 
the stiffness degradation curves calculated from the present study. 
A simple set of equations that describe the degradation of KH. and Ko. 
with combined load level, rf, has been proposed that depend upon three 
coefficients, nhorizim .. t and n,,, t. 
The value of 'nhoriz' can be determined simply from Eq. 8-61 for horizontal 
loading, and 'Mr,, t' and 'n,,, t' are given by Eq. 8-62 for rotational loading. 
The degradation of horizontal and rotational stiffnesses with load level 
have been shown in Figure 8-48 and Figure 8-49 to be insensitive to the 
penetration depth of the spudcan. 
The above predictive methods for the elastic initial stiffnesses and their 
degradation with load level form a framework that is suitable for design. A 
simple design procedure, based on the results of the present study, is 
summarised in Section 8.4.4. 
Retrospective predictions of the horizontal load-displacement and 
moment-rotation responses of two finite element analyses chosen 
randomly from those in Section 7 have been performed. The above 
proposed procedure is seen to produce good predictions of horizontal 
load-displacement response and excellent moment-rotation predictions. 
Figure 8-50b and Figure 8-51b illustrate the earlier assertion that the 
procedures within the current SNAME recommended practice do not 
produce realistic estimates of the degradation of rotational spudcan 
stiffness with load level. 
0 As the rotational stiffness of a spudcan governs the static fixity of a 
platform, the performance of the proposed method in calculating the 
appropriate moment-rotation response should provide significant 
improvements in the accuracy with which the static fixity of a jack-up rig 
can be determined at a particular location. 
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9. 
DYNAMIC FIXITY OF SPUDCANS 
9.1. INTRODUCTION 
The previous Section has examined the initial horizontal and moment stiffnesses 
of spudcans and their degradation with load level under combined vertical, 
horizontal and moment loading. The observed behaviours have been compared 
with the recommendations in the SNAME (2002) design code and the recent 
proposals for the forthcoming ISO design code. 
Recent studies of field data collected from actual jack-up platforms in real-life 
storms have shown the above foundation stiffness predictions of SNAME to be in 
significant error, by up to an order to magnitude. These large discrepancies 
between the current design code used by practitioners and measured field data 
has given the impetus for the work described herein which attempts to provide 
further insight into the actual fixities that can be expected for the foundations of a 
jack-up platform. 
The analyses performed in this Section utilise the dynamic capabilities of the 
finite element program, ICFEP, to analyse a simplified model of a jack-up leg and 
spudcan. The key feature of these analyses over those reported by other authors 
is that this model explicitly represents the soil with solid elements that are 
governed by a geotechnical constitutive model rather than simplifying the 
foundation's behaviour with equivalent linear or non-linear springs. 
Results are presented for validation exercises and preliminary parametric studies 
which examine the role of soil stiffness, spudcan embedment and the hull-leg 
connection upon fixity. Opportunities for further work using the model developed 
are also proposed. 
9.2. BACKGROUND 
Dynamic fixity is a measure of the stiffness of a jack-up hull-leg-spudcan system 
relative to the cases of pinned and fixed spudcans. 
The fixity, and hence natural period, of a platform in a storm will affect its 
predicted performance with respect to both capacity and serviceability. The 
natural period is used to calculate the appropriate dynamic amplification factor 
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(DAF), as in Eq. 9-1 for the case of regular waves, for scaling the responses 
determined from a static analysis to those that would be obtained from an 
equivalent dynamic analysis, using the classical sing le-degree-of-f reedom 
(SDOF) model. 
DAF 
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F-( 
nal 
2)2 
nat 
2 
Eq. 9-1 
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Where: 
a DAF is the dynamic amplification factor - the ratio of the dynamic to static 
amplitudes of displacement for a simple, sing le-degree-of-f reedorn model 
(refer to Section 9.7 for further details). 
0 T,,, t is the natural period of the jack-up rig, 
* Twae is 0.9 times the period of the most probable maximum wave, 
94 is the damping ratio, generally considered to be between 2 and 7% 
(refer to the references given in Appendix 21, Hattori et al. (1982), and 
Nataraja et al. (2004) for further details). 
The degree of fixity will also determine the distribution of loads between the rig's 
components (as illustrated in Figure 9-1) and the hull displacements predicted for 
storm loading conditions. Fixity is thus crucial in the engineering assessment of 
the suitability of a rig for a given location and environmental conditions. 
The dynamic fixity of a particular rig depends upon the properties of the rig itself, 
the spudcan's behaviour (which in turn is dependent upon the soil conditions 
present), and the characteristics of the storm (the dynamic fixity of a rig will 
typically reduce under more severe storm loading). The fixity is thus both site and 
storm specific. 
A number of field monitoring programs have been undertaken by various rig 
owners and offshore engineers, with a review of the data obtained being given in 
Section 9.2.2. The results have proved very useful in the back-analysis and 
verification of proposed foundation models. Due to financial and practical 
constraints, the number of rig responses recorded during severe storms is very 
limited and insufficient to enable the formulation of a predictive model for a range 
of rigs in a range of locations and storm conditions. 
A more practicable approach for producing a'simple'design method (i. e. one that 
does not require complex numerical analysis) for predicting the platform's 
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dynamic fixity could be achieved by performing a parametric study using a finite 
element model that incorporates the seabed, platform in conjunction with a 
suitable method of applying extreme environmental loading. 
A practical series of input variables for a useful guideline would be: 
wave loading parameters (wave height and period) 
current 
wind speed 
hull weight 
preload weight 
leg stiffness & density 
spudcantype 
soil type, strength and stiffness 
The study described in this Section describes the initial development of a model 
that could be used for such a parametric study. 
9.2.1 Definition of dynamic fixity 
As with static fixity, full fixity (100%) represents the case where the rotational 
stiffness of a spudcan is infinite, and is hence rigid, and zero fixity (0%) signifies 
that the spudcan behaves as a pinned connection, being able to freely rotate and 
having zero rotational stiffness. For the latter condition, the bending moment at 
the leg-spudcan connection is thus zero, as shown in Figure 9-1. 
Bending 
Moment 
Distribution 
(shaded) 
Pinned Z. "rzO Fixed 
spudcan spudcan 
connection connection 
Figure 9-1 Bending moment distributions for pinned and fully fixed leg- 
spudcan connections. 
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Dynamic fixity is determined with reference to the natural frequencies of the rig 
using Eq. 9-2, first proposed by McCarron & Broussard (1992). The natural 
frequency for a given location and storm can be computed from a dynamic 
numerical structural analysis using the platform's structural properties. In order to 
obtain fp, the spudcan is assumed to be pinned, whilst ff is obtained assuming a 
fixed spudcan connection. 
DynamicFixity = 
fl, - fp 
Eq. 9-2 ff - fp 
Where: 
f, = the platform's natural frequency 
fp = the platform's natural frequency for the condition of zero spudcan rotational 
stiffness 
ff = the platform's natural frequency for the condition of infinite spudcan rotational 
stiffness 
Dynamic fixity can be back-calculated using Eq. 9-2 from the actual natural 
frequency of the platform measured in that storm. Conversely if the dynamic fixity 
of the platform is known for a given set of conditions (for example from the results 
of the parametric study proposed in Section 9.2), then the natural frequency of 
the platform during a particular storm could be determined. 
9.2.2 Field studies 
A number of measurement programs have been undertaken that have recorded 
the hull motions and/or leg member strains of jack-up rigs operating during 
storms. Each of the fourteen documented studies are located in the North Sea. 
These have included a range of soil conditions and storm intensities, however 
due to the typical seabed soils present under the North Sea (normally comprising 
sand and/or firm to stiff clays), the spudcan penetrations are generally low. A 
summary table of the key details from each measurement program is given in 
Appendix 21. 
As noted previously, each of the measurement campaigns has yielded data that 
is necessarily specific to that rig under the conditions described for that location 
during the particular storm(s) recorded. By examining the larger body of data 
available in the literature as a whole, a number of observations can be made, as 
listed below. Unfortunately some of these are subsequently contradicted by the 
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findings of other measurement studies. As such, few definitive conclusions have 
be extracted from the work, save that the dynamic fixities predicted by the 
SNAME (1997) design code are significantly lower than those derived from field 
measurements, indicating that further development of the code is needed in this 
area. The 2002 revision of the code increased the initial stiffness values, as 
described in the previous Section, however it is still felt by practitioners that there 
is conservatism within the design code with respect to dynamic fixity. 
Some of the key observations made from the field measurement programs are: 
The majority of worst storms recorded are less severe than the 1 -year 
return period storm for the location in question. 
The majority of observed platform responses are broadly elastic (as 
shown in Figure 9-2 where only slight hysteresis is apparent), with 
permanent displacements only being observed for the Kolskaya at Hod 
(McCarron & Brossard, 1992), and two unnamed platforms at Main Pass, 
Gulf of Mexico (Stock, 2000). 
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Figure 9-2 Measured spudcan-rotation response of Statou's West 
Epsilon platform during a storm (Hs=9.3, Hmax=13.6m), adapted from 
Karunakaran et al. (1999). H, 8, is the maximum Individual wave 
height recorded whilst H. Is the maximum significant wave height, 
refer to Dean & Dalrymple (1991) for further Information. 
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The data presented by the Health & Safety Executive & MSL Engineering 
(2001b), Hambly et al. (1990), Hunt et al. (2001) for the Maersk Endurer 
at Shearwater suggest that whilst a jack-up's dynamic fixity reduces 
during extreme loading, as shown in Figure 9-3, it completely recovers 
after the storm has subsided. This observation could either suggest non- 
linear elasticity or plasticity occurs in the soil around the spudcans at high 
loads, or be explained by consideration of the "P-A effects" caused by 
large hull displacements. 
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Figure 9-3 The variation of elastic rotational stiffness and dynamic 
fixity with waveheight deduced by the Health & Safety Executive & 
MSL Engineering (2001b) for the spudcans of the Maersk Endurer at 
Shearwater during the winter of 1988-89. 
Weaver & Brinkmann (1995) noted a permanent reduction in foundation 
stiffness after a storm, however this is attributed to a reduction in the 
spudcan's contact area due to scour of the sandy seabed around the 
spudcan during the storm. 
The analyses of Temperton et al. (1999), Karunakaran et al. (1999), and 
Nataraja et al. (2004), however, all state that no measurable change in 
natural period was observed for the storm conditions recorded. The latter 
reference, for example, demonstrates that, for a storm with a significant 
waveheight, Hs, of up to 7.4m, any variation of the platform's measured 
natural period was within the resolution of the measurement system, as 
shown in Figure 9-4. 
Similarly the dynamic fixity deduced by Nataraja et al. (2004) does not 
suggest a variation with the waveheight for waveheights up to 78% of the 
50-year design wave, as shown in Figure 9-5. 
Section 9 
Nage 425 
D. H. Edwards (2007) - Numerical Analysis of Spuddan Foundations 
6.5 
6.4 
6.3 
4) 
CL 
6.2 
OL 
SWay 7 - LSway ý7 
H. 
6 
v5 
(a 
z 
6.1 
Surge 
,14 
10: 40: 00 
61, 
10: 40: 00 14: 40: 00 18: 40: 00 22: 40: 00 02: 40: 00 06: 40: 00 
Time (hrs) 
Figure 9-4 Variation of the measured significant waveheight and 
natural periods in surge and sway deduced for Global Santa Fe's 
Magellan platform at Elgin, from Natarala et al. (2004). 
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Figure 9-5 Variation of the dynamic fixity deduced by Nataraja et al. 
(2004) for the Magellan platform with the ratio of the measured 
waveheight to the 50-year design waveheight. 
Karunakaran et aL (1999) equally state that the measured spudcan elastic 
stiffness (corresponding to the gradient of the dotted line in Figure 9-2) is 
approximately constant for loading corresponding to waveheights of up to 
13.6m. 
The Health & Safety Executive & MSL Engineering (2001 a) even suggest 
the opposite, that the natural period of the West Epsilon platform reduces 
with waveheight, as shown in Figure 9-6, reporting that "it is clear from the 
data obtained, that the foundation stiffness increases with an increase in 
wave heighf. The increase in stiffness is in contrast to what is generally 
assumed - that spudcans soften at high loads due to soil plasticity. 
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Figure 9-6 Variation of the natural period of Statoll's West Epsilon 
platform with significant waveheight during storms between 1996 
and 1999. Figure from Health & Safety Executive & MSL Engineering 
(2001a). 
9 The dynamic fixities measured from the various field studies are related in 
Figure 9-7 to the corresponding significant waveheights. It can be seen 
that whilst the study by the Health & Safety Executive and MSL 
Engineering (2001 b) shows fixity to decrease with increasing waveheights 
(as one would expect but contradicting the conclusion from Health & 
Safety Executive & MSL Engineering, 2001a), the data of Nelson et al. 
(2000) suggests that fixity actually increases with waveheight, supporting 
the conclusions of the Health & Safety Executive & MSL Engineering 
(2001b). When plotted in terms of dynamic fixity, the results from the 
Health & Safety Executive and MSL Engineering (2001a), noted above, 
show the dynamic fixity to be relatively insensitive to the significant 
waveheight for H, values up to 1 Om. 
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Figure 9-7 Summary of the variations of dynamic fixity with 
waveheight deduced by various authors. 
Nelson et al. (2000) have compared the measured dynamic fixities of 
eight platforms in the North Sea to the corresponding predictions using 
the SNAME (1997) design code. The code was found to perform poorly, 
as shown in Figure 9-8, producing significant underpredictions of the likely 
dynamic fixities for the measured storm conditions. This suggests that the 
SNAME (1997) design code requires further refinement in order to reflect 
the field experience collected thus far. 
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Figure 9-8 Comparison of measured dynamic fixities of various 
platforms at various locations in the North Sea with the 
corresponding fixities predicted by the SNAME 515A Rev. 1 (1997) 
design code. Also shown are the soil conditions at each location, 
and the corresponding spudcan penetration. Data from Nelson et al. 
(2000). 
The dynamic fixities back-calculated by Temperton et al. (1999) for each 
of the platform locations described in Nelson et al. (2000) are consistently 
lower than the static fixities. The ratios of the static to dynamic fixities are 
plotted in Figure 9-9 and show significant scatter with a slight trend being 
evident. 
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Figure 9-9 Relation between static and dynamic fixity for various 
degrees of fixity 
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As noted in the previous Section, the SNAME (2002) Rev. 2 design code 
incorporates increased rigidity indices (Q for use with clay soils from a value of 
39 in Rev. 1, to between 50 and 200, depending on the degree of consolidation 
of the clay (refer to Table 8-2). 
The dataset of field measurements used by Nelson et al. (2000) and Temperton 
et al. (1999), however, has not been compared to predictions using the revised 
initial stiffness recommendations present in the current SNAME (2002) guideline, 
thus judgements as to its efficacy cannot be drawn. 
9.3. STRATEGY 
The aim of this study is to apply dynamic loading to a numerical model of a jack- 
up rig that includes a realistic geotechnical representation of the soil domain. 
There is no record in the literature that this has been previously performed, and is 
achieved here by using finite element analyses that use a standard geotechnical 
constitutive model. 
The intention here is to avoid making any simplifications or assumptions as to 
how the spudcan will respond to dynamic combined loading and to instead allow 
the soil to behave in a manner that is consistent with fundamental soil mechanics 
principles. 
The Tresca constitutive model used in this study is, however, relatively simple 
and does not incorporate phenomena such as non-linear elasticity, pre-yield 
plasticity or anisotropy. These behaviours, however, are available within the 
program and may be investigated in future work using the same numerical model 
described here by making simple modifications to the material properties in the 
analyses' run files. 
The dynamic solution scheme within the finite element program uses a 
generalised-a integration method with parameters (8=0.6, a=0.3025, am=0.35, 
af=0.45, y--O) as described in Kontoe (2006). No damping, other than that caused 
by soil plasticity has been specified in the analyses. 
Although the software employed in this project can undertake full 3-dimensional 
dynamic analyses, the computation time required, at present, for a single non- 
linear analysis still precludes its use for extensive parametric studies of dynamic 
loading. Instead the Fourier Series Aided Finite Element Method (FSAFEM) is 
employed in the present study, as described in Section 7, in order to efficiently 
perform 3-dimensional dynamic analyses. 
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As the FSAFEM demands an axi-symmetric geometry, the application of 
FSAFEM to the dynamic response of a jack-up rig is not readily apparent. 
However, it the rig is considered as three separate legs that interact, through a 
rigid hull, as in Figure 9-10, it is possible to approximate each of the single-leg 
systems using an axi-symmetric model. 
Starboard 
Wind Bow 
Figure 9-10 Division of a jack-up rig into three separate, single-leg 
components. 
The approach taken here is to model the non-linear elastoplastic behaviour of a 
single-leg system whilst representing the contributions of the hull and remaining 
legs through the use of boundary conditions, as detailed in Section 9.4. In the 
present analyses the rig (whose hull is assumed to be equilateral in plan) is 
assumed to have three legs, with the single-leg model representing the windward 
leg as shown in Figure 9-10. The two leeward legs are assumed to behave 
elastically. This is based upon the assumption that the maximum response of the 
single-leg system will occur as the largest wave crest coincides with the 
centreline of the windward leg. At the point of maximum response, the leeward 
legs are assumed to be at relatively low environmental combined loads within 
their yield surfaces such that their spudcans are both behaving identically in an 
elastic manner. The restraint that they provide the windward leg can thus be 
represented through the use of a linear spring connected to the single-leg model 
at hull level, as shown in Figure 9-11. For a more sophisticated analysis, the 
response of the aft legs at hull elevation could similarly be represented with a 
non-linear spring to incorporate any non-linearity of the hull and/or leeward legs. 
Further details of this treatment are given in the following Sub-Section. 
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mom* 
Figure 9-11 Representation of the restraint offered by the leeward legs 
through the use of a linear spring at hull level. 
The analysis procedure followed in this study consists of the following key 
stages, illustrated in Figure 9-12: 
Determination of the natural period of the single-leg system with: 
1. A pinned spudcan, 
2. A fixed spudcan, 
3. The spudcan resting on soil. 
F(t) .4#P. F(t) o# P- F(t) 
0U0U 
0V0VVE,,, 
S,, 0 O= 0 () () 
1'e -. 
Pinned Fixed Including soil behaviour 
Figure 9-12 Boundary conditions for the assessment of the pinned, fixed 
and natural periods of the single-leg system in undrained Tresca-type soil. 
The above procedure will produce the three natural frequencies required for 
determining the dynamic fixity using Eq. 9-2 for the specified conditions. The 
above process must be repeated to account for any change in the structural 
components or boundary conditions, however if only geotechnical parameters are 
adjusted, then the natural frequencies for pinned and fixed conditions (fp & fl) are 
still valid. 
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Before the cyclic loading is applied, the spudcan is preloaded in the sarne 
manner as described in Section 7.2.3. The loading procedure is outlined in Table 
9-1 below. 
Increment 
Stage Start End Description 
11 200 
Vertical loading of spudcan to ultimate vertical 
bearing capacity, Fv (displacement-controlled). 
2 201 250 
Vertical unloading of spudcan to Qv/Fv=0.5 
(load-controlled). 
3 251 1210 
Cyclic horizontal loading applied to leg (load- 
controlled). 
Table 9-1 Sequence of loading adopted for the dynamic analyses described 
in this Section. 
The following Sub-Section describes the development of the finite element model 
representation of the single-leg system whilst Section 9.5 describes the loading 
applied to the spudcan and Section 9.6 explains the analysis procedure used to 
obtain fixity values from the analyses. 
9.4. FORMULATION OF FINITE ELEMENT MODEL 
The finite element mesh used in the dynamic analyses described in this section is 
based on that used for the combined bearing capacity of a spiked, 1500 conical 
spudcan (shown in Figure 9-13) in Section 7.3-4. This particular mesh was 
chosen as it most closely approximates the typical geometry of a modern jack-up 
platform. 
1511 
Figure 9-13 Spudcan geometry adopted for the present dynamic analyses. 
Section 9 
Page 433 
11 
1 
44 01, >! 2()111 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
The original mesh is augmented, as shown in Figure 9-14, by attaching a column 
of elements to the top of the spudcan, in order to model a jack-up's truss leg by 
an equivalent solid cylindrical section. 
Representation 
)f hull-leg 
, onnection o 
Figure 9-14 Finite element mesh used for single-leg dynamic analyses 
The boundary conditions for the spudcan and soil elements are identical to those 
described in Section 7.2.2 for the combined loading of axi-symmetric surface 
footings. Note that no springs or dashpots have been used at the boundaries of 
the finite element mesh used in this study. The extent of this current study is to 
examine the natural frequency of the hull-leg-spudcan system in contact with soil. 
The magnitude of the hull's displacement response is not of importance here, 
hence any wave reflections due to the boundary conditions specified to the soil 
mass will not affect the results in the frequency domain. It is anticipated that 
visco-elastic boundary conditions will be required for future analyses that 
examine the magnitude of the displacements of the single-leg system. 
The geotechnical interaction between the spudcans of a jack-up would appear to 
be insignificant as the displacement fields observed in Section 7 for combined 
vertical-horizontal-moment loading were typically confined to within 1.5 footing's 
diameters of the spudcan's axis of revolution. Typical modern spudcans have 
diameters of around 15m, with a corresponding 'zone of influence, therefore, of 
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approximately 23m from its centreline. The typical footing spacing for a modern 
jack-up platform is around 45-60m, hence it is reasonable to assume that the 
interaction between spudcans is slight and can be ignored. 
The mesh discretisation of the leg is important as the dimensions of the elements 
used must be sufficient to enable the transmission of dynamic waves through the 
material. The recommended element size, d,,., for this condition, defined in Eq. 
9-3 by Kuhlemeyer & Lysmer (1973), is related to the shear modulus and density 
of the material, and the maximum frequency of interest. A parametric study 
undertaken in the present study, subsequently described in Section 9.7, shows 
that the dynamic behaviour of the 120m long leg can be well represented using 
120,1m high elements. 
r., 
where: 
Where: 
Am'n 
> dffmx ý: 
Am" 
Eq. 9-3 45 
V. 
in > dmax > 
V` 
Eq. 9-4 4f. 5f=x 
Kin = 
Fý, ýo 
Eq. 9-5 
X,, i, = the minimum wavelength expected in the analysis 
dmax = the maximum element size recommended in order to obtain an accurate 
solution 
Vmin = the shear wave velocity for the element's material 
fmax = the maximum wave component frequency expected in the analysis 
G the shear modulus specified for the element's material properties 
p the density of the elements 
As the leg is a solid cylinder of elements, it represents a structurally equivalent 
leg rather than the actual 3-dimensional truss found on real platforms. The 
material properties of the leg section of the present model must thus have a 
suitably modified stiffness value in order that its behaviour in bending is 
equivalent to the real case being modelled. Thus the multiple of the Young's 
modulus and second moment of area must be equal, as in Eq. 9-6. Jack-up legs 
are made of high strength steel (typically representing 80% of the cost of the 
whole platform), with a Young modulus of around 2x1O8kPa, and a second 
moment of area of around 8. OM4 . The cylindrical section used in the finite 
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4 
element model has a diameter of 1 m, and a second moment of area of 0.0491-n , 
therefore the Young's Modulus specified for the leg material in the model is 
32.6x1O9kPa in order to maintain the equivalence stated in Eq. 9-6. Note that 
axial stresses within the equivalent leg are not of interest here, thus calculation of 
the equivalent cross-sectional area is not required. 
Ildl V( (1/, '1111// S, ob P"Inodli'll"lolli'l-': E- Eq. 9-6 
Similarly the mass of the leg will affect its dynamic response due to inertial 
effects. Based on a review of data presented in case histories of jack-up 
platforms, a typical leg can weigh up to 1800 tonnes. In the present model the leg 
is assumed to be 120m long, and therefore possesses a material density, pl,, = 
19,100 kg /M3 . Note also that the global mass matrix adopts a distributed 
(consistent) mass matrix as described in Hardy (2003). 
The general jack-up arrangement assumed for the present dynamic study is 
shown in Figure 9-15. 
Spring 
block 
6u =0 
F(t) 
L11111> 
2 
SOIL 
Figure 9-15 Overall geometry of the present dynamic analyses. 
The hull is assumed to be located 1 00m above the top of the spudcan, with a 
water depth of 80m - typical for a North Sea rig. The leg element at this 
elevation, illustrated in Figure 9-16, represents the hull of the platform by 
allocating it a suitably large density. From examination of data recorded in case 
histories, a typical jack-up hull may weigh 10,000 tonnes which, when split 
between the three legs and concentrated into the single leg element's volume, 
results in a density, Phull = 4.24X1 06 kg/m' for the hull element. 
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revolution 
Figure 9-16 Modelling of jack-up hull with boundary conditions. 
Hull 
element 
Vphull 
In order to represent the rotational restraint imposed by the pinions or fixation 
system at the hull-leg interface, the horizontal displacements of the centreline 
nodes at the top and bottom of the hull element are tied (i. e. the horizontal 
incremental displacements for the two nodes are equal throughout the analysis). 
This prevents rotation at the hull level, whilst still permitting horizontal deflections. 
A single element is attached at the hull level to the circumference of the leg to 
enable the representation of the behaviour of the remainder of the platform by 
providing a level of constraint to the leg's displacements at hull elevation. It 
essentially acts as a spring in the radial direction whilst allowing free vertical 
movement. Leg rotations at hull level are already prevented by the imposition of 
the above tied degrees of freedom. Due to the axi-symmetric geometry of the 
model, this 'spring block' element actually represents a doughnut that wraps 
around the leg rather like a swimmer's armband, as shown in Figure 9-17. 
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2-D view 
0.5m 
0.5m 
Ar q 
Hull Spring block 
element element 
Figure 9-17 2-D and 3-D views of spring block used to restrain the leg at the 
hull elevation. 
The outer nodes of this 'spring block' element are prevented from moving in 
either the radial or circumferential directions, but may move vertically, as denoted 
in Figure 9-17. As the remaining jack-up legs are assumed to behave elastically 
(as shown in Figure 9-11 and repeated below in Figure 9-18), the 'spring block' is 
given an elastic constitutive model. 
assumed 
equivalent 
I 
I 
2kiateral 
Figure 9-18 Representation of the elastic behaviour of the two remaining 
spudcan by a lateral spring of stiffness, 2k,, t, r., - 
The compressibility of this element, governed by its Young's modulus, controls 
the resistance to lateral movements that it will offer to the leg. Before a dynamic 
analysis can be performed for a given combination of parameters, the stiffness, 
2kiateral, of the 'spring block' is defined using separate static analyses. 
In these analyses a small lateral static load is applied in the 0=0 0 direction at hull 
level to an identical single-leg model with the spring block element removed, as 
illustrated in Figure 9-19. The elastic load-displacement response at hull 
elevation, dependent upon the properties of the leg and soil, is used to obtain the 
value of klateral. As there are two other legs, they effectively act in parallel, thus the 
spring block's lateral stiffness is twice klateral- 
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Figure 9-19 Illustration of the static analysis required to obtain the value of 
before each dynamic analysis. 
A separate study was performed on the spring block element in isolation to 
determine the Young's modulus (Espring) required for the spring block such that is 
has an equal value of klateral. Here the same lateral load that was applied in the 
single leg static analysis, is applied to the spring block's inner surface, as shown 
in Figure 9-20. The displacement is recorded, and the analysis repeated for a 
number of Young's Modulus values for the block. The resulting relationship 
between the stiffness of the spring block to lateral loading and its Young's 
modulus is plotted in Figure 9-21 and described in Eq. 9-7. 
F 
kiateai 
Displaced 
shape 
Figure 9-20 Calibration of the kjtr,, value of the spring block with respect to 
its Young's modulus, E,, pi, g. 
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Figure 9-21 Relationship between the Young's modulus of the spring block 
and its lateral stiffness,, kiat,, ral. 
kl,, 
teral --: 
10.011 Ep,. ig =I OEpig Eq. 9-7 
Where, for equality, the factor of 10 must have the units 'metres' 
The value of the spring block stiffness required, Espringg to represent the other two 
remaining legs, based on the above analyses, has been related directly to the 
Young's modulus, Eu(, oil), of the soil upon which the spudcans rest, as shown 
in 
Figure 9-22 alongside the curve of best fit, Eq. 9-8, obviating the calculation of 
kiaterai. This relationship will depend upon the structural properties assumed for 
the leg and is thus only valid for the section properties described in Table 9-3. 
E, 
pring = 96E,, (,,, jj) 
0.3 
Eq. 9-8 
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Figure 9-22 Young's modulus of spring block element required to represent 
the elastic lateral stiffness, 2kateral, of the remaining two lack-up legs resting 
on a soil of undrained Young's Modulus, Eu(,,,,, ). 
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A pr6cis of the above dynamic model is as follows: 
A finite element model of a single jack-up rig's leg has been developed 
The spudcan has a cone angle of 150 "with a small central spike. 
e The truss leg is represented by an equivalent solid cylindrical section, with 
a realistic behaviour in bending (related by Eq. 9-6) 
The leg is discretised sufficiently finely in order that dynamic waves can 
be correctly transmitted along its length 
* The hull's mass is represented by an element at the hull elevation of 
suitable density, NO 
The hull-leg connection is assumed to be rigid, achieved by tying the 
degrees of freedom of the leg's centreline at the hull elevation in the radial 
direction 
Interaction between the spudcans is judged to be insignificant based on 
the soil movements observed in Section 7 beneath spudcans under 
combined loading 
The interaction of the remaining two legs and spudcans at the hull-leg 
connection is modelled using an elastic spring block of elastic modulus, 
Espring- 
The spring block's stiffness (2klate, l) represents the lateral resistance 
offered by the remaining legs to the lateral sway of the single-leg model at 
hull level. 
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9.5.. LOADING CASES 
As noted in Section 9.3, the determination of the single-leg model's dynamic fixity 
requires three analyses: a fixed, pinned and a 'geotechnical' analysis (i. e. one ill 
which the soil is represented). The fixed and pinned analyses do not include the 
soil domain and instead assume that the spudcan is prevented frorn, or free to 
rotate respectively, as illustrated in Figure 9-23. 
6u =0 
F(t) 
u=O 
v=O 
0=0 
F(t) 
U =0 
v= 0 
e=o 
Spring 
block 
6u =0 
F(t) 
U =U 
v=v 
Pinned Fixed with soil 
Sprinq 
block 
Figure 9-23 Boundary conditions applied for the pinned, fixed and 
6 geotechnical'analyses. 
For fully fixed and fully pinned spudcan conditions, the tied degrees of freedom 
condition at the hull-leg interface will remain as this is independent of the 
footing's rotational stiffness. For the fully fixed spudcan condition, the necessary 
lateral stiffness for the spring block, equivalent to encastr6 restraint, is found by 
applying a small horizontal load to a 'fixed' single-leg model as shown in Figure 
9-24. 
This is similarly performed for the pinned condition where horizontal and vertical 
displacements of the spudcan's tip are prevented but free rotation of the footing 
is permitted. The corresponding spring block stiffness is thus determined from the 
lateral stiffness offered by the bending resistance of the leg itself. 
Spring 
block 
6u =0 
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t Au 
u=O 
v=O 
e=o 
Figure 9-24 Determination of k1a,, raj for a fully fixed spudcan condition. 
The spudcan is assumed to rest on the clay seabed surface with its full plan area 
in contact with the soil, and is preloaded in an identical manner to that described 
in Section 7.2.3 to a Qv/Fv ratio of 0.5. This produces shear stresses within the 
soil surrounding the spudcan, as shown in Figure 9-25. The presence of these 
shear stresses reduces the load required to initiate soil plasticity, hence results in 
a softer and more realistic spudcan response. 
Fioure 9-25 Shear stress ratio (=VSu) in the clay surrounding a spudcan .7 
that has been preloaded back to QvlFv=0.5, prior to the application of 
combined loading. 
The program used in this study applies a cyclic load by a series of discrete, 
incremental loads with respect to time, as shown in Figure 9-26. In order to 
represent the sinusoidal wave loading accurately, it is discretised into 32 
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increments per cycle with each analysis comprising 30 cycles of loading. Each 
analysis, therefore, comprises 960 increments, of incremental time step, At, equal 
to 1/32Tjoadi where Tload is the period of the applied cyclic load, F(t), chosen here to 
be 15 seconds, typical of an extreme storm wave in the North Sea. 
The natural frequency of the single-leg model for the given foundation condition, 
is obtained, as described in the following section, from the displacement-time 
history measured, for the node located on the leg's centre-line at hull level (1 00m 
above the top of the spudcan). 
Time, t (seconds) 
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Figure 9-26 Discretisation of a 1OOkN load varying sinusoldally with time 
using 32 increments of time step, At = Tl,,, W32 = 0.46875s. 
The results presented here are limited to the application of a single, cyclic point 
load, as shown earlier in Figure 9-15, although the Author has prepared the 
necessary groundwork for more realistic wave loading boundary conditions to be 
used. As such 'added mass' terms have not been incorporated in the analyses 
described here. 
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9.6. DETERMINATION OF NATURAL FREQUENCY 
The natural period of a system, such as the classical sing le-deg ree-of -freedom 
system, illustrated later in Figure 9-31, can be determined by a number of means 
including: 
Free Vibration - An initial displacement perturbation is applied, at t=O, to 
the system, xO, that moves it out of equilibrium. This is released and the 
resulting oscillation will have a damped natural frequency, f, 
The undamped natural period can be determined by the use of Eq. 9-9 
which relates the two natural periods by the corresponding coefficient of 
damping, 4. In the case of jack-up platforms, damping may be incurred 
due to material damping in the structure or soil, or due to the 
hydrodynamic force of the waves and wind during storms, due to relative 
velocities. 
1.2 
0.8 
xc 
0.4 
0.0 
-0.4 
-0.8 
-1.2 
Figure 9-27 Free vibration of an underdamped system. 
Eq. 9-9 
Eq. 9-10 
* Forced vibration - Instead of a starting perturbation, a cyclic driving force 
is continuously applied to the system at a frequency fo. The Fourier 
amplitude spectrum of the leg's resulting cyclic response would exhibit 
two marked peaks that represent both the driving force frequency, fo, and 
the natural period of oscillation of the leg, &, as illustrated in Figure 9-28. 
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The kurtosis of the peaks is dependent upon the degree of damping of the 
system, with lower damping producing a more peaked response. 
Fourier 
amplitude 
damping 
Damping 
fn fo Frequency 
Figure 9-28 Fourier amplitude spectrum obtained from the forced 
vibration of a dynamic system for different degrees of damping. 
The latter method is adopted here for determining the natural period of the single- 
leg system as it is also appropriate for future analyses that would involve wave 
trains for the analysis of extreme wave loading events. In order that the Fourier 
amplitude spectrum can be obtained from the displacements measured at hull 
level in the single-leg model, a numerical harmonic analysis FORTRAN program 
(source code given in Appendix 22) has been written by the Author that can 
interrogate an analysis' output listing file extracting the displacement values for 
each time step and perform a numerical Fourier transformation of the data in 
order to compute and display the corresponding Fourier spectrum. An example of 
a displacement-time history and Fourier spectrum is shown in Figure 9-29 for the 
case of sinusoidal loading of the single-leg model with a driving force of period 
15seconds and an amplitude of 1OOkN. The Fourier spectrum provided by the 
harmonic analysis program reveals two peaks corresponding to the driving 
frequency and the natural frequency of the leg system, the latter being 0.316Hz 
(with an associated period of 3.16s). 
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Figure 9-29a) Load and displacement time-histofy for a typical sinusoldally 
loaded single-leg analysis with b) corresponding Fourier spectrum of 
response. 
A spectral density spectrum, based on field measurements of a North Sea jack- 
up rig's motions during storm conditions in 1998 at the Shearwater location, from 
Hunt et al. (2001) is shown, for information, in Figure 9-30. 
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Figure 9-30 Hull displacement spectrum of the Maersk Endurer during a 
H, =7.8m storm at the Shearwater location, North Sea (T,, =5.34s) - taken 
from Hunt et A (2001). 
In order to improve the resolution of the natural frequency estimate, it is 
necessary to increase the duration of the measured time history using an 
identical sampling frequency, reducing the minimum frequency component of the 
resulting Fourier amplitude spectrum whilst leaving the Nyquist' frequency 
unaffected). 
The parameters listed in Table 9-2 are adopted in the present analyses: 
Magnitude of the sinusoidal driving force, F(t=O) 1 OOkN 
Driving force frequency / (period) 0.0667 Hz / (1 5sec. ) 
Number of cycles of driving force per analysis 30 
Number of increments per cycle of loading 32 
Number of increments per analysis 960 
Time step, At 0.46875 sec. 
Duration of analysis in model time 1 450 sec. (7.5m! ns) 
Table 9-2 Global parameters used In the present dynamic analyses. 
The resolution of the estimated natural frequency from the numerical harmonic 
analysis is given by the reciprocal of the analysis duration (in model time), equal 
1 the Nyquist frequency is the sampling rate required to accurately represent the presence 
of a certain frequency, f, in a signal and is equal to 2f. 
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here to 0.002Hz. Further refinement is achieved here by reconstructing the 
original displacement-time history using just two wave components. the Fourier 
amplitude corresponding to the driving force frequency, and the Fourier 
amplitude corresponding to the best estimate of the natural frequency frorn the 
numerical harmonic analysis. 
The natural frequency of the system is determined by iterating this estimated 
natural frequency to minimise the error between the displacement -time history 
calculated, and that measured from the finite element analysis. As a final check, 
the two waveforms are compared visually to verify that a satisfactory match is 
obtained, and the natural frequency has been successfully obtained. 
9.7. VALIDATORY EXERCISES 
Before commencing the parametric study, the accuracy of the dynamic solution 
algorithm within the program is first suitably verified. 
Here, the motion of a sing le-clegree-of -freedom (SDOF) model is investigated for 
both plane-strain and axi-symmetric geometries using the parameters listed in 
Table 9-3. The aim is to compare the natural frequency of the system, (, ), 
predicted by the program to that calculated (4.472 Hz) using Eq. 9-11. In 
addition, the sensitivity of the result to the number of elements used to represent 
the column is investigated for use with the single-leg model. 
a) 
P(t) = Pma., Sinýlt m 
Ell 
ML 
El 
b) 
P(t) 
AL 
L,, 
EL N'elements high 
T 
Figure 9-31 Single-degree-of-freedom model: a) theoretical, b) finite element 
modeL 
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Parameter Plane Strain ValueT FSAFEM Value 
Height of mass (m) 0.2 
Length of leg, L (m) 99 .9 
Width of mass (m) 1.0 1.0 (diameter) 
Density of mass (kg/M3) 50 63.662 
Volume of mass (M) 0.2 0.05n=0.157 
Mass of mass (kg) 10 
E of column (MPa) 800 1 1358 
El (MNM2) 66.7 
Pmax (M) 100 
91 (rads/s) 10 
Time step, At (s) 0.019634 
Table 9-3 Parameters used In the single-degree-of-freedom validation 
analyses. 
CO = 
F/M (Hz) Eq. 9-11 
Where: Eq. 9-12 
EI k (kN/m) 
Should the system be damped, with a coefficient of damping, ý, the damped 
natural frequency, o)D, is given by: 
(OL) =4 
-1- ý7(0 Eq. 9-13 
Four arrangements of elements are considered here for modelling the column: 
B-noded plane strain elements 
4-noded plane strain elements 
Two columns of 4-noded plane 
El 
strain elements 
Fourier Series analysis with 8- 
noded plane strain elements and Mj 
6 harmonics 
The resulting natural frequencies predicted for the above system, using 30 cycles 
of driving force, _are 
given in Table 9-4 and plotted in Figure 9-32. - Section 9 
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Height of Natural requency stimated from analysis (Hz) 
column, N 
(elements) 8-noded 4-noded 2x 4-noded 
FSAFEM 
(6 harmonics) 
100 4.59 5.538 5.44 4.473 
200 4.56 4.927 4a82 4.471 
300 4.56 4.808 4.70 4.471 
400 4.56 4.767 4.55 4.471 
500 4.56 4.744 4.63 4.471 
1000 4.56 4.718 4.61 4.471 
Nodes in 
column I 
3+5N 2+2N 3+3N 3+5N* 
I 
* although six harmonics are used, the displacements of the nodes are evaluated at 12 
locations around the cylinder's circumference for a given node (due to parallel symmetry). 
Table 9-4 Accuracy of finite element analyses of the single-degree-of- 
freedom model using various numbers of elements to represent the 
column. (Exact solution = 4.472 Hz) 
5.6 
5.4 
5.2 
5.0 
cr w 
4.8 
4.6 
4.4 
1 
11111 I - 
-0-8-noded plane-strain 
-0-4-noded plane strain 
2x 4-noded plane strain 
Fourier Series - 8-noded -6 harmonics 
-ý ý--- --- --- --- --- --*-Exact solution 
100 200 300 400 500 600 700 800 900 1000 
Number of elements In height 
Figure 9-32 Influence of element density upon the natural frequency of a 
finite element model of a single-degree-of-freedom system. 
Figure 9-32 demonstrates the strong influence that the element density has upon 
the accuracy of a finite element approximation of the single-degree-of-freedom 
system for plane-strain conditions. It is evident that 4-noded elements give a 
much poorer dynamic response, being less accurate than 8-noded elements 
using a comparable number of nodes (i. e. a column of 500 4-noded elements is 
less accurate than a column of 200,8-noded elements, both of which would 
contain approximately 1000 nodes). 
Section 9 
Page 451 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
Interestingly, the Fourier Series Aided analyses produce the best estimates of 
natural frequency, with a mesh of only 100 elements yielding an error of less than 
0.02%. It could be surmised that this is due to the FSAFEM effectively evaluating 
the nodal displacements at 12 locations around the cylinder's circumference. 
However as the present elastic SDOF analyses use only first order Fourier Series 
terms (i. e. sinO and cosO terms), the response is independent of the number of 
harmonics used, thus a single harmonic analysis would produce identical results 
as those for 6 harmonics presented here. For the proceeding analyses using the 
single-leg model, a mesh density of one element per metre height of the leg is 
thus deemed sufficiently dense in order to represent the dynamic stresses and 
displacements of the equivalent cylindrical leg component. 
The presence of boundaries in a finite element mesh can lead to unrealistic 
reflections occurring within the soil domain. Here, the proposed mesh for use in 
the following parametric studies is compared to an identical version that has been 
extended both vertically and laterally as shown in Figure 9-33. 
A sinusoidal load is applied, as shown in Figure 9-15, and the techniques 
described in Section 9.6 are used to determine the natural frequency. It can be 
seen that the natural period obtained is practically identical for both meshes, 
suggesting that, for this case, the original mesh is sufficiently large that further 
extension of the soil domain does not influence the leg's natural frequency. 
Regular mesh size Large mesh 
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Figure 9-33 Effect of mesh extent upon the natural frequency of the single- 
leg system. 
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9.8. RESULTS 
A number of analyses are performed in this section to ascertain the effect of the 
boundary conditions applied at the hull-leg interface, as described in Section 9.4, 
and the influence of the soil's stiffness and spudcan embedment depth upon the 
resulting natural frequency and hence fixity of the single-leg model. A soil unit 
weight of 1.8 times that of water was used throughout the study. 
In these analyses, horizontal sinusoidal loading is applied at a height of 80m 
above the spudcan using the single-leg model, as shown in Figure 9-15, at a 
frequency that is typical of North Sea storm waves (with a corresponding period 
of 15 seconds). The natural frequencies are calculated based on the lateral 
displacements of the leg system at hull level, using the error-minimised Fourier 
transform method described in Section 9.6. 
Additional dynamic parameters set for each analysis have been given previously, 
as detailed in Table 9-2, with no damping other than soil plasticity operating. 
9.8.1 Influence of soil stiffness and preloading 
The stiffness of the seabed material surrounding a jack-up platform's spudcans is 
of crucial importance to the hull displacements and fixity experienced during 
dynamic combined loading. This project focuses on undrained loading, adopting 
the Tresca failure criterion described in Section 2.2.1. The load-displacement 
behaviour observed here can therefore be linked to two soil properties, namely 
the undrained Young's modulus and shear strength. 
As the magnitude of cyclic loading applied in the preliminary analyses described 
in this Section is relatively low, very little of the soil surrounding the spudcan will 
approach its failure condition, thus the spudcan fixity observed here is chiefly 
related to the undrained soil stiffness specified for the soil. 
In order to investigate the role of the soil stiffness upon the fixity of a jack-up 
platform, a number of analyses are performed using a range of undrained 
stiffnesses, as shown in Figure 9-34. 
In each analysis, a uniform undrained strength of 50kPa is used, whilst the 
undrained Young's modulus, Eu, is varied between 1XI04 and 1X105 kPa, 
corresponding to a rigidity index (as defined in Eq. 8-10) in the range of 200 to 
2000. 
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8u = 0,4-- 
F(t)=100sin(O. 419t) 
Eu=l Xl 0' -1 xl O'kPa 
Su=50kPa 
v=0.499 
Figure 9-34 illustration of the main characteristics of the finite element .W 
analyses investigating dynamic fixity. Note the actual mesh used Is shown 
in Figure 9-14, and the frequency of loading referred to here Is the angular 
frequency with units of radians/second 
The natural frequencies found for the fixed and pinned conditions were 
determined as shown in Figure 9-23. As the soil is not represented in either of the 
two cases their natural frequencies are independent of soil stiffness, and found to 
be 0.471 and 0.244Hz respectively (corresponding to natural periods of 2.1s and 
4.1s). 
The resultant natural frequencies found from each of the analyses, presented in 
Table 9-5, have been used to calculate the dynamic fixity of the single-leg system 
in conjunction with the pinned and fixed natural periods (f. and ff) using Eq. 9-2. 
Natural f requ ncy of singl -leg system (Hz) Dynamic 
Eu (kPa) Pinned (fp) Fixed (ft) Geotechnical (fn) fixity 
1.00XI 0, 0.3169 25% 
1.50xl 04 0.3380 34% 
1.75xl 04 0.3456 37% 
2.00xl 04 0.2439 0.4714 0.3544 41% 
3.50A 04 0.3826 53% 
5.00A 04 0.4010 62% 
l. OOXl Ol 1 0.4294 77% 
Table 9-5 Natural frequencies and dynamic fixities of the single-leg system 
for various undrained soil stiffnesses. 
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Figure 9-35 plots the natural periods for the single-leg model against the 
undrained stiffness, and suggests a log-linear relationship. The dynamic fixities 
determined for each Young's Modulus value are shown in Figure 9-37 alongside 
the relevant British Standard soil descriptors. For the analyses undertaken here, 
the dynamic fixity is more sensitive to the soil stiffness for soft clays than for stiff 
clays, as is evident when the fixities are plotted against soil stiffness with an 
arithmetic axis as in Figure 9-36. 
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Figure 9-35 Variation of the natural period of the single-leg system with the 
undrained shear stiffness specified for the clay. 
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Figure 9-36 Variation of the dynamic fixity of the single-leg system with the 
undrained shear stiffness specified for the clay. 
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Figure 9-37 Relationship between fixity and soil descriptors for the present 
single-leg analyses. 
A comparative plot is presented in Figure 9-38 from the study of the West Epsilon 
platform by the Health & Safety Executive & MSL Engineering (2001a), who 
present predictions of natural periods for various spudcan rotational stiffnesses 
using Eigen analyses. The range of Young's modulus values corresponding to 
the rotational stiffness values can be calculated using Eq. 8-7 from Section 8.2.1 
in conjunction with the West Epsilon's equivalent diameter of 23m. The range of 
clay stiffnesses investigated here are highlighted by the dashed box in Figure 
9-38. 
Although the West Epsilon has skirted spudcans whose diameter is 15% greater 
than that investigated here, there appears to be a reasonable agreement 
between the two sets of results with the West Epsilon achieving around 17% 
greater dynamic fixities. Note, however, that a spudcan's elastic rotational 
stiffness is proportional to the cube of its diameter. 
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Figure 9-38 Calculated dynamic fixity for the West Epsilon platform (note 
this platform has 23m diameter skirted spudcans), adapted from Health & 
Safety Executive & MSL Engineering (2001a). 
As a comparative illustration of static and dynamic fixity, the dynamic analysis 
described above with an undrained Young's modulus of 1x1O4kPa, has been 
repeated using a static analysis. The cyclic load is replaced by a static load 
whose magnitude is equal to the amplitude of the sinusoidal load applied in the 
dynamic analysis, Pmax. The bending moment distribution within the leg (required 
for assessment of static fixity) is determined qualitatively from the curvature of the 
displaced leg along its axis of revolution, as shown in Figure 9-39. As curvature is 
proportional to bending moment, the ratio of the leg's curvature at the spudcan 
and at the hull-leg connection is equal to the static fixity, which for this case is 
69%. Comparison of this value to the corresponding dynamic fixity value of 25% 
from Table 9-5 shows the static fixity is significantly greater than the dynamic 
fixity for the same conditions. It is probable, however, that this result is influenced 
by the simplification of applying wave loading as a point load rather than as a 
distributed load which varies with water depth, as this will influence the bending 
moment distribution within the leg. 
The discrepancy between the static and dynamic fixity measures is, however, 
consistent with the findings of Temperton et al. (1999), who found that North Sea 
jack-up rigs possess static fixities that are generally around 25-60% greater than 
their dynamic fixities (refer to Figure 9-9). 
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Figure 9-39 Bending moment distribution along the leg of the single-leg 
model due to the application of a static load for Eu= W 04kPa. 
BMspudcan-log / BMh, 11-1, g = 0.69 =: StatiC fixity = 69%. 
9.8.2 Depth of embedment 
It is generally considered that greater depths of embedment will result in a 
greater degree of fixity for the spudcan. This may be due to several reasons: 
e The soil stiffness increases with depth 
The presence of a greater volume of soil around the spudcan constrains 
the soil movements around the footing 
The effective stresses in the surrounding soil are larger. Modern soil 
mechanics principles show the elastic stiffness of an element of soil is 
related to the mean effective stress acting upon it. 
Backflow of soil may have partially or completely covered the upper 
surface of the spudcan increasing the volume of soil that is sheared 
during combined loading. 
These causes can be simplified into two cases - geometric and geotechnical. It is 
presumed that the undrained rotational stiffness of a spudcan is proportional to 
the undrained stiffness of the soil in which it is situated. Hence for the case where 
the soil stiffness increases with depth due to confining stresses or a change in 
material type, the results obtained in Section 9.8.1 are still appropriate. 
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The analyses described in the present sub-Section, however consider the role of 
the change in geometry upon the expected increase of fixity with depth. As the 
competency of back-flow material is questionable (as is the degree of back-flow), 
this has not been investigated, as to rely upon this material for design purposes 
could risk being unconservative. 
Thus the geometry considered here is identical to that described in Section 7.3.6 
for evaluating the combined bearing capacity of a spiked spudcan at various 
embedment depths. To recapitulate the procedure, the original surface footing 
mesh is extended vertically (as shown in Figure 9-40) using a consistent mesh 
density with a particular focus to the zone in the vicinity of the spudcan's edge. 
For both non-dimensionalised embedment depths considered here (Z/D = 0.25 
and 0.5, where D=20m), the preloading procedures are given extra 
displacements in order that the spudcan reaches its ultimate vertical capacity 
(which increases with depth due to the depth factor, as discussed in Section 3.5) 
before being unloaded to a Qv/Fv ratio of 0.5. 
ILI-- II11111tII 
zil P31111111111 11 -1 ii 11MIIIIIIII, ''ý 1 1-Ij6w Extended vertically 
OIRIGINAL 
I, 
-111ý ýMESH, 
---- -- ---------- 
Figure 9-40 Modification of the surface spiked spudcan mesh In order to 
model embedded spudcans for an embedment depth, Z 
The pinned and fixed dynamic natural periods remain unchanged as the soil is 
not considered in either case. The change of dynamic fixity with embedment 
depth is thus determined solely by the resulting natural frequency at that depth. 
The results of the dynamic analyses performed, shown in Figure 9-41, indicate 
there is negligible increase in the fixity due to a change in soil geometry caused 
by embedment, confirming the findings from the earlier static analyses reported 
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in Section 8.3.7. The experi ence- based presumption of greater fixities at greater 
embedments would therefore appear to be due to the increase in confining stress 
or changes in material behaviour that can occur at greater depths. 
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Figure 9-41 Influence of spudcan embedment, Z upon its dynamic fixity for 
a spiked conical footing. 
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9.8.3 Summary 
e Extensive field measurement programs have added significant knowledge 
to the dynamic fixity that can be expected from jack-up platforms during 
real-life storms. 
These field programs have shown the SNAME (1997) design code to be 
excessively conservative with respect to expected foundation stiffnesses 
and resulting fixities. 
Although each of the instrumented jack-up rigs has produced large 
amounts of data, the resulting platform performance is specific to that 
platform at that location. It has not been possible so far to produce many 
general observations about spudcan performance during storms. 
The conclusions of several field studies are contradictory, for example 
with respect to the question of whether spudcan fixity reduces during 
storms, and whether it is recovered afterwards. 
A finite element model has been produced to represent a single leg of a 
jack-up rig for use in analysing the dynamic fixity that can be expected for 
a range of situations. 
* The Fourier Series Aided Finite Element Method has permitted the 
efficient calculation of the response of the axi-symmetric single-leg model 
to dynamic, non-axi-symmetrically loading 
The restraint offered by the remaining two legs of the rig have been 
incorporated by inserting a spring-block at hull level of stiffness, 2kiateral- 
The value of klate, al - the static stiffness of each of the remaining 
legs 
during loading - has been related to the undrained stiffness of the soil 
upon which the spudcans rest. 
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The pinions gears that link the hull to the leg have been represented by 
imposing zero relative radial movements at the nodes on the leg at hull 
level. This has been shown to slightly increase the fixity of the single-leg 
model for an undrained Young's modulus of 10OMPa. 
The dynamic fixity of a jack-up rig would appear to be approximately 
proportional to the logarithm of the seabed soil's undrained Young's 
modulus, Eu. 
There would appear to be no significant improvement in fixity due to the 
geometric changes associated with an increased spudcan embedment. 
This would suggest that the expe rience- based belief of fixity improving 
with spudcan embedment is due to the soil's stiffness increasing with 
depth due to the increase in confining pressure or change of material 
behaviours. 
It is accepted that the single-leg model is a simplification of a jack-up's 
behaviour during an extreme storm and cannot incorporate features such 
as yaw and surge motions. The analyses undertaken here do show that 
reasonable results can be obtained for sway movements and that it is a 
viable vehicle for future parametric studies and more sophisticated 
investigations using more complex soil models and/or loading 
arrangements. 
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10. 
CONCLUSIONS AND RECOMMENDATIONS 
10.1. CONCLUSIONS 
This thesis has set out to address some of the concerns and uncertainties of the 
jack-up industry with regard to the geotechnical performance of spudcan 
foundations. These encompass most aspects of foundation response, including 
the safe and predictable penetration of the spudcans during installation and the 
foundation capacities and fixities available for survival of storm wave and wind 
loading. 
The findings of the work contained herein have added to the current 
understanding of spudcan footings and revealed pitfalls in existing methods and 
the current recommended practices. Improved frameworks and solutions have 
been proposed that are purposely directly suitable for use in routine design work 
and more advanced analyses. 
The aim has, throughout, been to provide practical solutions and sets of 
equations based on the outputs of the finite element analyses described. The 
resulting equations developed do not attempt to be exact solutions due to the 
numerical approach used and processes involved in fitting the formulae to the 
obtained data. They are, however, fit for purpose and the resulting values will be 
within a few percent of the true solution - sufficiently precise for the majority of 
engineering applications. 
The main outcomes from the parametric studies undertaken in this research are 
laid out in the following pages, together with recommendations for improvements 
in the relevant recommended practices in use today. Further details may be 
obtained from the summaries presented at the end of each chapter that include 
references to the appropriate equations and figures. 
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10.1.1 Finite element analysis procedure 
All the analytical work undertaken has used the geotechnical finite element 
program, ICFEP (Potts & Zdravkovi6,1999), both in 2-D plane strain, axi- 
symmetric and 3-D Fourier Series Aided modes. Throughout the work, the 
procedures and methods of interpretation have been validated with relevant 
closed-form solutions and the work of other researchers in the field before 
undertaking the novel research. In every instance, the software has been proven 
to provide excellent levels of accuracy when the particular boundary value 
problem has been correctly modelled. Throughout the analyses the mesh 
designs have been carefully constructed in order to maximise the ratio of 
accuracy to computation time. The development of residual stresses throughout 
the analyses have also been reviewed to ensure that they have not compromised 
the accuracy of any of the results obtained. Ultimate capacities have, wherever 
possible, been defined with respect to the corresponding load-displacement data. 
Difficulties have, however, been encountered in obtaining failure capacities 
directly from the load-controlled Fourier Series Aided analyses described in 
Section 7. In order to derive the relevant ultimate capacities, the horizontal and 
rotational stiffness degradations of each analysis were examined in order to 
separate the accurate and inaccurate portions. The output data judged to be 
inaccurate was discarded, whilst the accurate portion was extrapolated to 
produce an estimate of the combined loading bearing capacity. This process was 
first validated against displacement-controlled analyses, closed-form solutions 
and the results of others' numerical analyses to ensure that it provided a 
satisfactory level of accuracy and reliability before being adopted as the method 
for interpreting failure capacities from the parametric studies. 
10.1.2 Spudcan penetration 
In practice, a good understanding of the load penetration behaviour of a spudcan 
foundation during preloading is required in order to: 
Check that the final spudcan penetration leaves the particular rig sufficient 
leg length to raise the hull to the required air gap above the water surface, 
0 Be aware of any risks of potential rapid spudcan penetrations occurring 
during installation, 
0 Calculate the length of leg beneath the hull, in order to undertake dynamic 
engineering analyses of the rig's capability to withstand storm loading. 
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A factor of safety against bearing capacity failure of 1.0 is used in spudcan 
penetration calculations as the spudcan penetrates the seabed until sufficient soil 
reactions are encountered to support the preload applied to the leg. The bearing 
capacity theories used to produce predictions of spudcan penetration curves 
must thus be as accurate as possible. 
The bearing capacity predictions produced in the present study have been 
validated against closed-form solutions from the literature for rough and smooth, 
strip and circular surface footings both on homogeneous and heterogeneous 
clays. 
The lower bound bearing capacity coefficient estimates of Houlsby & Martin 
produce excellent predictions of ultimate capacities of footings at the surface. 
These values have also been found here confirming that the rough conical 
footings all share the same shape factor for cone apex angles greater than 1201, 
and that there is a linear relationship between cone angle and shape factor for 
smooth axi-symmetric footings. 
The two methods within the SNAME (2002) recommended practice for calculating 
bearing capacity of spudcans at depth in clays, namely the work of Skempton 
(1951) and the lower bound estimates of Houlsby & Martin (2003), have been 
reviewed and found to be unsatisfactory. 
The model tests upon which Skempton's relationships are based would appear to 
be appropriate for spudcan-type footings, however the exact depth factor values 
deduced in the original work are erroneous due to the interpretation of footing 
roughness used and the value of bearing capacity adopted for a circular footing 
at the soil surface. 
Houlsby & Martin's lower bound solutions for embedded footings, however, have 
been found to produce predictions that are lower than the lower bound estimates 
proposed by Salgado et al. (2004). The finite element analyses undertaken here 
have shown excellent agreement with the narrow bounds of Salgado et al. for 
strip footings and are also consistent for circular footings. 
The depth factors appropriate for an embedded flat circular footing at the base of 
an open bore have been derived and show that a value of 1.6 is obtained for 
footing embedments greater than 1.5 times the footing diameter, irrespective of 
footing roughness. Backflow of material has not been modelled in this research 
as it is felt that the geotechnical properties of the backfill material are not typically 
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possible to quantify in the field, and the potentially open structure of the softened 
back-flow material may result in a low effective shear strength. It would therefore 
be conservative, with respect to bearing capacity, to neglect its contribution to 
depth factor. Should an upper estimate be required, then the solution of Hossain 
et al. (2006) is recommended. 
Advances have been made with respect to bearing capacity in clays where the 
undrained shear strength increases linearly with depth. Analyses have been 
undertaken here that show a good match to the solutions of Houlsby & Martin 
(2003) and consider a wider range of soil profiles. The results have been distilled 
into a single equation that, through the use of two parameters that are dependent 
upon footing geometry and roughness, can predict the ultimate bearing capacity 
of strip and circular, rough and smooth footings on heterogeneous clay deposits. 
The prevalence of unexpected rapid spudcan penetrations during preloading is of 
concern to the jack-up industry, especially for rigs in South-East Asia. 
The cause of the majority of these punch-through failure events is the presence 
of a thin, strong, clay layer within soft clay. A suite of analyses have been 
performed here examining the vertical bearing capacity of a flat, circular surface 
footing. A two-layer soil stratigraphy has been modelled in which the upper layer 
thickness and the undrained shear strength relative to the underlying soft clay 
layer may be varied. The results of the parametric study in relation to the upper 
layer thickness and strength have been validated against the upper and lower 
bound solutions of Merifield & Sloan (1999) and used as the basis for a new 
predictive equation for the situation of layered clays. The observed failure 
mechanisms are also shown to be in agreement with those observed by Hossain 
et al. (2005) from centrifuge model tests. 
The approach of Brown & Meyerhof (1968), included in the SNAME (2002) 
recommended practice, has been shown to significantly underpredict the bearing 
capacity in the upper layer, and hence the severity of any predicted rapid 
spudcan penetration events. The popular 'projected area' method has also been 
shown to be inaccurate and does not take into account the ratio of the two layers' 
undrained shear strengths. 
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10.1.3 Combined bearing capacity envelopes of spudcan foundations 
The bearing capacity envelopes for conical spudcans of cone angles greater than 
12711 have been determined through the use of Fourier series aided finite element 
analyses. The methodology adopted for exploring the envelopes'shape and size 
applies loading probes, for various ratios of horizontal to moment load, to a 
preloaded spudcan under constant vertical load. 
The effect of spudcan shape, embedment, vertical load level and soil-spudcan 
adhesion have been investigated and compared with the work of Ngo-Tran 
(1996), Gourvenec & Randolph (2003a) and the bearing capacity envelopes in 
the SNAME (2002) recommended practice and the ISO (2003) design code for 
offshore foundations. The quality of the results of Ngo-Tran (1996) and Taiebat & 
Carter (2000) were, in some areas, both found to be questionable. 
For the case where soil-spudcan adhesion is not permitted, as observed in the 
single gravity model tests of Martin (1994), the bearing capacity envelopes of flat 
circular footings are well-represented by a parabolic ellipsoidal function whose 
major and minor principal axes are coincidental with the horizontal and moment 
loading axes. These results are thus in excellent agreement with the formulation 
given in the SNAME (2002) recommended practice, as reported in Table 10-1. 
For the case of conical spudcans, however, the geometric form of the bearing 
capacity envelopes obtained in FH-Fm space cannot be accurately represented by 
an ellipsoidal form and requires an alternative formulation to that in SNAME 
(2002). The predictions of 'Model 13% proposed on the basis of the laboratory 
model tests of Martin (1994), are found to underpredict the capacities determined 
here. Scaling of the 'Model 13' predictions, however do provide a reasonable fit to 
the data obtained for a spiked 150Q spudcan. 
Hansen's solution for the bearing capacity of a circular footing where footing-soil 
adhesion is not permitted (which forms the basis of the formulation in the ISO 
(2003) design code) is discrepant as, although the moment capacity reduces for 
vertical load ratios (Qv/Fv) less than 0.5 due to separation of the soil from the 
footing, the horizontal capacities do not. The present finite element analyses and 
results of other authors, however, show that soil-footing separation will occur 
even for purely horizontal loading. 
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Author Fv-FH plane Fv-Fm plane FH-Fm planes 
Capacities are 
Taiebat & Carter slightly greater 
(2002) than those 
obtained here 
Vesid (1975) Good agreement 
Consistent form Consistent form Consistent form 
Martin & Houlsby but consistently but consistently but consistently 
(2000) Model B underpredicts underpredicts underpredicts 
capacities capacities capacities 
SNAME (2002) Good agreement 
Excellent 
agreement 
Poor agreement 
Assumes the 
horizontal capacity Slightly Inconsistent due does not reduce overpredicts 
to. discrepancies 
ISO (2003) for Ov/Fv<0.5, thus capacities for in 
horizontal 
significantly Qv/Fv<0.5 capacities noted 
overpredicts in Fv-FH plane 
capacities 
Table 10-1 Comparison of the bearing capacities determined from the 
present study, with no soil-footing adhesion, with those of other authors for 
various combinations of loading directions. 
More recent centrifuge model tests, presented by Cassidy et al. (2004), 
confirmed by an effective stress analysis performed here, suggest that negative 
total stresses do not occur at the soil-spudcan interface. Soil-spudcan adhesion 
should therefore be applicable resulting in enhanced horizontal and moment 
capacities for vertical loads less than half the applied preload and non-zero 
capacities at zero vertical load. 
The bearing capacity envelopes found from the present numerical analyses that 
include soil-spudcan adhesion are of an irregular convex shape whose major and 
minor principal axes are not coincidental with the horizontal and moment capacity 
axes, requiring an unusual form of equation of best-fit, referred to herein as a 
'peak function' as it aims to replicate the peaked curve of the envelope in the FH' 
Fm plane that is incapable of being represented by a rotated ellipsoidal function. 
Table 10-2 compares the bearing capacities obtained here to those of other 
authors and the SNAME and ISO design codes. 
Section 10 
Page 468 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
Author Fv-FH plane Fv-Fm plane FH-Fm planes 
Gourvenec, & 
Randolph (2003a) 
Consistent Consistent Consistent 
Overpredicts 
Vesid (1975) capacities for 
0.4<Qv/Fv<0.8 
Bolton (1979) Consistent 
Significantly 
underpredicts the 
Murff (1994) moment capacities 
at all vertical load 
levels 
Overpredicts Underpredicts Underpredicts 
capacities in FH-Fm SNAME (2002) capacities for capacities for plane as it assumes Qv/Fv>0.4 Ov/Fv<0.5 
an ellipsoid 
Inappropriate for Underpredicts 
ISO(2003) Generally 
consistent 
Ov/Fv<0.4 as it 
assumes footing-soil capacities 
in FH-Fm 
separation I 
plane 
Table 10-2 Comparison of the bearing capacities determined from the 
present study, Including soll- footing adhesion, with those of other authors 
for various combinations of loading. 
The normalised bearing capacity envelopes deduced for strip and circular 
footings have been shown to be comparable in both the FH-Fv and Fm-Fv planes, 
however significant discrepancies are evident when the envelopes are compared 
in the FH-Fm plane. The assumption made by Bransby & Randolph (1998) that the 
normalised behaviours are approximately equivalent is thus an oversimplification 
and will overestimate the combined bearing capacities of circular or conical 
footings. 
A suite of analyses have provided a comprehensive set of bearing capacity data 
for six spudcan geometries with cone angles ranging from 1270 to 1800 including 
one spudcan shape that includes a central tip spike. The shape of the failure 
surface in the absence of horizontal loading suggests that the moment capacity is 
independent of the apex cone angle for cone angles greater than 116 ý 
More pointed spudcans do, however, possess a greater laterally projected area 
resulting in greater capacities in the FH-Fv and FH-Fm planes. The resulting shape 
of the bearing capacity envelopes in the FH-Fm plane is non-elliptical and requires 
the same form of equation to represent the data as for the flat, circular footing. 
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The bearing capacities of conical spudcans calculated by Fugro using the Fourier 
Series Aided finite element method in the 1987 Noble Denton & Associates led 
joint industry study are excessive probably due to the very coarse mesh adopted. 
Analyses of a 150 0 conical spiked spudcan have shown that the presence of the 
tip spike has a negligible effect upon its bearing capacity performance. Analyses 
have also shown that the increases in combined bearing capacity that one might 
expect with deeper embedment into the seabed, are slight and do not increase 
beyond an embedment of one quarter of the footing's diameter. This is due to the 
soil movements at failure which are localised around the footing and do not 
extend significant distances vertically upwards. The depth of overlying soil, 
hence, does not influence the resulting capacities. 
This has important implications for'Model B'of Martin & Houlsby (2000), and the 
parabolic ellipsoidal bearing capacity formulation included in the SNAME (2002) 
recommended practice, which both assume that the horizontal and moment 
capacities are linearly proportional to the vertical bearing capacity. The results 
from the present study show that this assumption would overestimate the 
increase of horizontal and moment bearing capacities with depth, and may be 
due to Martin's model tests being performed in a soil with "a pronounced strength 
increase with depth". 
10.1.4 Static fixities of spudcan foundations 
The static fixity of a jack-up rig is dependent upon the legs' bending stiffnesses 
and the rotational stiffness of the spudcans. The latter is typically determined 
from the corresponding elastic solution which is then degraded according to the 
proximity of the loading point to the combined bearing capacity envelope. 
The loads and displacements measured from the analyses considering combined 
bearing capacity have been examined in order to investigate the elastoplastic 
responses of spudcans under the application of combined loading. 
The vertical and horizontal elastic stiffnesses of spudcans deduced from the 
analyses have been shown to be sensitive to the mesh geometry in the vertical 
and lateral directions respectively. The vertical, horizontal and rotational elastic 
stiffnesses for a rough, flat circular surface footing have been shown to be in 
good agreement with the corresponding exact solutions, with the rotational 
stiffness in particular showing excellent agreement. 
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The fundamental elastic stiffness parameters, K, and K3, have shown little 
sensitivity to the footing geometry, however K2 has been shown to increase for 
sharper spudcan shapes and the cross-coupling stiffness becomes more 
negative. 
Although historically neglected by the design codes (possibly as it is zero for a 
flat circular footing), the cross-coupling stiffness, K4has a significant effect on the 
actual horizontal and rotational stiffnesses of conical spudcans. For this reason, 
the horizontal and rotational stiffnesses measured from the present study have 
shown a significant dependence upon the proportion of horizontal and moment 
loading applied. 
Additionally, the vertical and rotational elastic stiffnesses are related to the 
amount of unloading that had occurred prior to the application of combined 
loading. This has been shown to be due to zones of high shear stress developing 
beneath the corners of the footing during unloading. 
The vertical stiffnesses of embedded footings have been shown to degrade 
rapidly with loading, and it appears that elastic solutions are inappropriate as 
plasticity develops beneath a footing's corner at very low load levels. The 
horizontal and rotational stiffnesses, however, appear to increase in the same 
manner as the horizontal and moment bearing capacities - with moderate 
increases at low levels of embedment that do not increase with further 
embedment. This is not consistent with the results of Ngo-Tran (1999) and Bell 
(1991), the latter of which are adopted by the SNAME (2002) recommended 
practice, which predict increases of up to 50% for an embedment equal to one 
spudcan diameter. This may be due to the present study using a more refined 
mesh in the vicinity of the footing and a greater total number of elements in each 
analysis than used by Bell (1991), producing a less stiff response (as errors in 
displacement-controlled analyses usually overpredict stiffness). 
There does not appear to be conclusive evidence of which dataset is more 
appropriate and further work is required in this area. 
The elastoplastic horizontal load-displacement and moment-rotation responses of 
spudcan footings have been shown to be constant for a given vertical load ratio. 
The tangential horizontal and rotational stiffnesses are thus independent of 
spudcan geometry and the proportion of horizontal to moment load applied. The 
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depth of spudcan embedment does not appear to significantly alter the stiffness 
degradation curves. 
The degradation of tangential horizontal stiffness with load level, ignored by the 
SNAME (2002) recommended practice for standard assessments, has been 
shown to be significant. The degradation of a spudcan's tangential rotational 
stiffness has been shown to be dependent upon the vertical load level. For 
vertical load ratios, Ov/Fv, less than 0.5, the rotational tangent stiffness degrades 
in a smooth manner, however for greater Qv/Fv ratios, the degradation curves 
show a bi-linear form. 
The degree of rotational stiffness degradation predicted by the SINTEF (1996) 
formulation, advocated in the SNAME (2002) recommended practice, is far 
greater than observed here, that will consequently underpredict the static fixity of 
a jack-up rig. 
The form of equation proposed by Templeton (2006), does not give an adequate 
approximation to the degradation curves derived here. Simple equations have 
been proposed that give excellent predictions of the non-linear horizontal load- 
displacement and moment-rotation responses obtained from the finite element 
analyses. 
The work reported here shows the SNAME (2002) recommended practice to 
promote the use of unrealistic elastic stiffness parameters and over-degrade 
stiffnesses with load level, confirming the assertions of those in industry, and of 
field measurement programs, that the SNAME approach underpredicts jack-up 
rig fixity, and that an approach with a more rigorous basis is required. 
10.1.5 Dynamic fixities of spudcan foundations 
Various campaigns of instrumenting jack-up rigs in the North Sea have yielded 
significant amounts of useful information regarding in-service fixities during storm 
events. The conclusions that have resulted from these studies have, 
unfortunately, proved to be restricted by the limited size of storm events captured 
and are, on occasion, contradictory. For example, three studies have shown rigs' 
dynamic fixities to reduce as the severity of a storm increases, whilst three other 
studies show no discernable change in fixity with wave height. Another study also 
has clear evidence that shows increased levels of fixity under larger wave 
loading. 
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The major limitation of such field measurements is that the dataset and 
conclusions are specific to the particular rig, soil conditions and environmental 
loading. It is not possible, therefore, based on the measurements to predict the 
behaviour of even the same rig at the same location under greater storm loads. 
In order to arrive at a greater understanding of dynamic fixity, it is the Author's 
opinion that parametric studies of dynamic spudcan fixity are needed that tackled 
the problem in a methodical and consistent manner such that the influence of, for 
example: soil conditions, spudcan shape, rig weight, structural properties, can be 
investigated thoroughly. 
The work in Section 9 details the application of the Fourier Series Aided method 
of analysis to develop a simplified 3-dimensional representation of a jack-up 
platform for efficient time-domain dynamic analyses. 
An axi-symmetric model of the leg and spudcan has been constructed. The 
rotational stiffness provided by hull-leg connection has been represented by 
boundary conditions and the restraint to hull movements provided by the 
remaining legs is represented using an elastic, compressible block that surrounds 
the leg at hull level. 
The Fourier Series Aided method of analysis was first validated before further 
use by modelling a simple single degree of freedom system. The natural period 
predicted was found to be in excellent agreement to the corresponding closed 
form solution (less than 0.1 % error) compared to that deduced from an equivalent 
plane strain analyses (2%) with an equal number of elements. 
The dynamic response of the single-leg model for fully fixed and pinned footing 
conditions were modelled by removing the soil elements from the mesh and 
applying boundary conditions at the spudcan. The corresponding natural periods 
were found to be 2.1 and 6.6s respectively. 
The introduction of soil elements to the mesh (adopting the Tresca constitutive 
model) have permitted investigation of the role of soil stiffness upon the dynamic 
fixity of the simplified rig model. The natural frequencies obtained have been 
found to be insensitive to the mesh extent and to the embedment depth of the 
spudcan. 
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The response of the spudcan to the applied cyclic loading was found to be elastic 
for the load levels performed in this study. The dynamic fixities were calculated 
for each soil stiffness value used and are found to be linearly proportional to the 
logarithm of soil stiffness with a range of values from 25 to 77% for Young's 
modulus values of 10 to 10OMPa. These values are in good agreement with 
those found by the Health & Safety Executive and MSL Engineering (2001a) for 
the West Epsilon rig. 
Further analyses were undertaken to investigate the sensitivity of the resulting 
natural period to the boundary conditions specified at the hull-leg interface. The 
restraint provided to model the hull-leg stiffness only exhibits a minor influence 
compared to the contribution of lateral hull stiffness from the other legs. It is 
acknowledged, however, that the spring block used at the hull level to represent 
the fixity of the remaining legs will also act to restrain rotations at the hull-leg 
connection. 
The fixity of a particular jack-up leg has been shown to be strongly influenced by 
the fixity of the remaining legs. This is reasonable as the distribution of stiffness 
between the spudcans will determine the proportion of load attracted to that 
particular leg, and hence its dynamic response. 
From consideration of the bending moments in the leg resulting from an 
otherwise identical static analysis, the static fixity was found to be 2.7 times the 
dynamic fixity. This is consistent with the observations of Temperton et al. (1999) 
based on measurements from jack-up rigs operating in the North Sea, that a rig's 
static fixity is 25-60% greater than its dynamic fixity. These two measures of fixity 
do not, therefore, appear to be directly equivalent. 
10.1.6 Other findings related to foundation stiffnesses 
Section 4 has proposed two methods of predicting the elastoplastic behaviour of 
footings. 
It has been noted here that upon vertical, horizontal or moment loading a footing 
will initially behave elastically whereupon, after first yielding, the stiffness- 
displacement response will reduce in a manner that is well represented by a log- 
linear relationship. This method has been shown to produce reliable complete 
elastoplastic load-displacement curves for simple loading and footing conditions 
and, more generally, when only partial load-displacement data is available. 
The second method is based on the evidence provided in Section 4.4 that, for the 
case of homogeneous stiffness conditions, a single fundamental elastoplastic 
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load-displacement curve (presented in Appendix 3) can be very simply 
transformed to give satisfactory predictions of the load-displacement curve of 
rough and smooth, strip and circular surface footings up to and including failure. 
This method can also be used for some conditions where the soil strength 
increases linearly with depth and also shows value for embedded footings. 
For situations where a soil's stiffness is characterised by a single, stress and 
strain-independent value, the accuracy of the above methodology is anticipated 
to be superior than the approach for determining the soil's shear stiffness. 
10.1.7 Studies by other authors that would appear to be Inappropriate 
Some of the results or interpretations contained within the following publications 
would appear, on the basis of the work contained herein, to be inappropriate: 
Skempton (1951) - the depth factors were derived assuming an incorrect 
value of s,. Nc for a circular footing at the soil surface. The footings used in 
the model tests were not perfectly rough, as was assumed. It would appear 
that back-flow was able to occur, although the results are commonly used 
for solid foundations. 
0 Houlsby & Martin (2003) - the lower bound solutions for the effect of 
embedment depth upon ultimate bearing capacity have been superseded 
by more refined analyses reported earlier by Martin (2001). 
Hu & Randolph (1998) - their hypothesis that an ultimate capacity is 
unobtainable for circular footings embedded deeper than two times their 
diameter has been shown to be incorrect. 
Brown & Meyerhof (1968) - the design formula proposed in the study for 
the bearing capacity of strip and circular footings in layered clays results in 
excessive underpredictions of bearing capacities. 
Taiebat & Carter (2002) - the bearing capacities determined are 
inconsistent with the present results and those of Gourvenec & Randolph 
(2003a). 
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0 Christian & Carrier (1978) - the provenance of the elastic settlement 
parameter p, for flexible circular footings is unclear and is not consistent 
with the values determined here (which are consistent with other solutions 
for similar boundary conditions). 
Murff (1994) - the variation of moment capacity with vertical load level 
determined for a circular footing is significantly lower than that proposed by 
any other author. 
Hansen (1970) - the combined bearing capacity envelope for an axi- 
symmetric footing (which assumes soil-footing separation can occur) does 
not produce accurate estimates of the combined bearing capacity in the 
horizontal-moment plane. It also does not incorporate the soil-footing 
separation that has been noted here, and by others, to occur under purely 
horizontal loading. 
10.1.8 New solutions that result from this research 
The following new formulae and data have been developed based on the results 
obtained in this project: 
Purpose of equation Reference Page 
Undrained depth factors for rough and smooth circular Figure 3-47 97 footings at the base of an unsupported cavity 
Undrained depth factors for rough and smooth sided Figure 3-31, 86 
strip and circular solid foundations Figure 3-32 
Bearing capacity factors for rough and smooth, strip 
and circular footings in heterogeneous soil with Eq. 3-10 104 
kD/Su. < 20 
Bearing capacity factors for strip footings on strong 
Eq. 5-9, 
Eq. 5-11, 191 
clay over soft clay Eq. 5-12 
Bearing capacity factors for circular footings on strong Eq. 5-13, 204 
clay over soft clay Eq. 5-16 
Effect of soil depth on the vertical stiffness of footings Eq. 4-17, 141 Eq. 4-19 
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Non-linear load-displacement curves for rough and 
smooth, strip and circular footings on soils of any Eq. 4-23, 
thickness, including the effect of embedment depth Eq. 4-24 158 
and soil heterogeneity 
Bearing capacity formulae for strip footings with soil- Eq. 6-5 to 
footing adhesion Eq. 6-12 
239 
Bearing capacity formulae for strip footings without Eq. 6-17, 
soil-footing adhesion 
Eq. 6-18, 
Eq. 6-19 
245 
Bearing capacity formulae for conical footings with Eq. 7-15, 
soil-footing adhesion. Note use values in Table 7-8 for Eq. 7-16, 
292 
the values of E) peakandrpeak 
Eq. 7-24, 
Eq. 7-25 310 
Bearing capacity formulae for conical footings without 
Eq. 7-27, 
Eq. 7-28, 322 
soil-footing adhesion Eq. 7-32, and 332 Eq. 7-33 
Effective area rule for circular footings without soil- 
footing adhesion 
Eq. 7-21 300 
Reduction of K, with vertical spudcan unloading Eq. 8-49 375 
Reduction of K3with vertical spudcan unloading Eq. 8-52 382 
Equations for the initial horizontal and rotational Eq. 8-47, 
elastic stiffnesses of spudcans Eq. 8-48 
372 
Degradation of horizontal stiffness of conical footings Eq. 8-53, 393 
with load level 
Eq. 8-58, 
Eq. 8-61 
398 
400 
Degradation of rotational stiffness of conical footings 
Eq. 8-54, 
Eq. 8-58, 
393 
398 
with load level for Qv/Fv<0.5 Eq. 8-62 401 
Eq. 8-54, 393 
Degradation of rotational stiffness of conical footings Eq. 8-56, 397 
with load level f or Qv/Fv>0.5 Eq. 8-55, 397 
Eq. 8-62 401 
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RECOMMENDATIONS FOR FURTHER RESEARCH 
The work reported in this thesis has highlighted that the following areas of 
spudcan behaviour are in need of further investigation: 
The conditions and geotechnical properties of back-flow material, including 
time effects, and the potential contributions that it can make to a spudcan's 
bearing capacity under combined loading. 
0 The combined bearing capacity of spudcans on layered soils 
Extension of the fundamental elastoplastic curve concept to other boundary 
value problems in geotechnics 
The vertical, horizontal and rotational elastic stiffnesses of spudcans on 
layered soils 
The combined bearing capacity of embedded spudcans where the soil's 
undrained shear strength increases with depth, including the influence of 
spudcan geometry 
0 Effect of geometry upon the bearing capacity of spudcans in sand 
0 Further investigations of dynamic loading using the single-leg model 
Recent advances in the implementation of the fully 3-dimensional and dynamic 
modelling capabilities of the ICFEP software have improved the feasibility of 
undertaking a full 3-dimensional finite element model of a jack-up platform, as 
illustrated in Figure 10-1. 
It is now possible to produce a realistic model of a jack-up platform that can 
incorporate realistic storm loading from various headings and interaction effects 
between the spudcans. The soil can be represented using complex geotechnical 
constitutive models that incorporate kinematic hardening and pore pressure 
generation under cyclic loading. It is hoped that these capabilities can be 
exploited to deliver further advances in the understanding of the geotechnical 
aspects of jack-up rig performance. 
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Figure 10-1 A fully 3-dimensional mesh of a jack-up platform, including 
discretisation of the soil domain, that could be implemented within lCFEP. 
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APPENDIX 1- BUILD-YOURSELF MODEL OF A JACK-UP RIG 
This model is from liiýp_ p, il- ik; y the caption from their website 
reads: 
"This is a model made for the Offshore Drilling Rig and Museum of Galveston 
Texas. They wanted a model of their Ocean Star drilling rig to sell in their gift 
shop. The Ocean Star is a "jack-up" type of drilling rig. Other types of rigs 
include, semi-submersible, drill-ship, and platform. The Ocean Star was 
converted into an oil drilling museum. You can actually go aboard and see what 
it's like to live and work on a real drilling rig. You can visit the living quarters, 
mess and recreation rooms, control room, engine room, and even the drill floor. 
The museum is a real treat for young and old alike. For more information, contact 
the Offshore Energy Museum, 20th Street at Harborside Dr., Galveston, Texas, 
or visit their web site at http: www. oceailst, -iio(-. (,. (, (. )iii" 
Instructions: 
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Note: This type of jack-up rig sadly does not 
have spudcan footings, but a mat footing. 
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APPENDIX 2- DERIVATION OF ELASTIC STIFFNESS PARAMETERS 
From Eq. 4-1: 
jvB (I 
_ V2)jp 
E,, 
W= 
Q, 2R (I VI)I, 
, TR 
2 Eu 
Substituting Eu with 2(l +v)G: 
2(l - V2 p QV 2; zR(I + V)G 
(I - V)lp Q 
XRG v 
Smooth Footin-qs: 
Poulos & Davis' (1974) solution for smooth rigid circular footings: 
( I-V W= 4GR)L9v 
Equating w term with that in (1) above 
(I - V)i I-V) 
7IRG 
p Q'I = 4GR) 
Q, 
IP 
Rouqh Footincis: 
Spence's (1968) solution for rough rigid circular footings: 
2v) Q'I 
_4GRln(3-4v)] 
Equating w term with that in (1) above 
(I - V)i (I - 2v) 
; ZRG 
p Q, = 
_4GRln(3-4v)]Qv 
I, P =- 
; r(l - 2v) 
-- 
_4(1-v)ln(3-4v)_ 
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APPENDIX 3- TABULATED VALUES FOR THE FUNDAMENTAL 
CURVE SHOWN IN FIGURE 4-30. 
Wnorm Onorm Wnorm 
I onorm Wnorm 
I onorm Wnorm Onorm 
0.000 0.000 0.273 0.839 0.545 0.959 0.818 0.995 
0.007 0.039 0.280 0.845 0.552 0.961 0.825 0.996 
0.014 0.078 0.286 0.850 0.559 0.963 0.832 0.996 
0.020 0.117 0.293 0.855 0.566 0.964 0.839 0.996 
0.027 0.156 0.300 0.860 0.573 0.965 0.845 0.997 
0.034 0.194 0.307 0.864 0.579 0.967 0.852 0.997 
0.041 0.232 0.314 0.869 0.586 0.968 0.859 0.997 
0.048 0.270 0.320 0.873 0.593 0.970 0.866 0.998 
0.055 0.307 0.327 0.877 0.600 0.971 0.873 0.998 
0.061 0.343 0.334 0.881 0.607 0.972 0.879 0.998 
0.068 0.378 0.341 0.885 0.614 0.973 0.886 0.998 
0.075 0.412 0.348 0.889 0.620 0.974 0.893 0.998 
0.082 0.446 0.355 0.892 0.627 0.976 0.900 0.998 
0.089 0.478 0.361 0.896 0.634 0.977 0.907 0.999 
0.095 0.508 0.368 0.899 0.641 0.978 0.914 0.999 
0.102 0.537 0.375 0.902 0.648 0.979 0.920 0.999 
0.109 0.565 0.382 0.905 0.654 0.980 0.927 0.999 
0.116 0.590 0.389 0.909 0.661 0.981 0.934 0.999 
0.123 0.613 0.395 0.912 0.668 0.982 0.941 0.999 
0.130 0.635 0.402 0.914 0.675 0.983 0.948 0.999 
0.136 0.654 0.409 0.917 0.682 0.983 0.954 0.999 
0.143 0.671 0.416 0.920 0.689 0.984 0.961 0.999 
0.150 0.685 0.423 0.923 0.695 0.985 0.968 0.999 
0.157 0.699 0.429 0.925 0.702 0.986 0.975 0.999 
0.164 0.711 0.436 0.928 0.709 0.987 0.982 0.999 
0.170 0.723 0.443 0.930 0.716 0.987 0.989 0.999 
0.177 0.734 0.450 0.933 0.723 0.988 0.995 0.999 
0.184 0.744 0.457 0.935 0.729 0.989 1.002 0.999 
0.191 0.754 0.464 0.937 0.736 0.989 1.009 0.999 
0.198 0.763 0.470 0.939 0.743 0.990 1.016 0.999 
0.205 0.771 0.477 0.941 0.750 0.991 1.023 0.999 
0.211 0.780 0.484 0.943 0.757 0.991 1.029 0.999 
0.218 0.788 0.491 0.945 0.764 0.992 1.036 1.000 
0.225 0.795 0.498 0.947 0.770 0.992 1.043 1.000 
0.232 0.802 0.504 0.949 0.777 0.993 1.050 1.000 
0.239 0.809 0.511 0.951 0.784 0.993 
0.245 0.816 0.518 0.953 0.791 0.994 
0.252 0.822 0.525 0.954 0.798 0.994 
0.259 0.828 0.532 0.956 0.804 0.995 
0.266 0.834 0.539 0.958 0.811 0.995 
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APPENDIX 4- EXAMPLE CALCULATION OF THE LOAD- 
DISPLACEMENT RESPONSE OF A STRIP FOOTING 
Input parameters: 
" Full footing width = 7m 
" Undrained Young's Modulus = 76MPa = 760OOkPa 
" Undrained shear strength = 24kPa 
" Depth to rigid base = 29m 
H/B is therefore 29/7 = 4.14 
As H/B > 2, use 
Eq. 4-17 to findAl (H/B): 
A=0.46 In -ýL) +0.227 
(B 
This gives9l (H/B. 4.14)= 0.881 
91 (H/13-5)= 0.967 
therefore 91rel = 0-911 
Using the fundamental curve in Figure 4-30 on page 136, shown below: 
1.0 
Onorm 
0.8 
Recalling that: 
0.6 
0.4 
0.2 
0.0 4- 
0.0 
wG W"Orm = 
scdcNS. *Ba,,,, ipull 
Q11orm -Q AscdcNcS. ' 
0.2 0.4 0.6 0.8 1.0 
wnorm 
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Here s,, and dc both equal 1, and as the soil is uniform, Su*=S,, 
Rearranging the above equations yields: 
r. 
NS. BaslripJUlrel 
. w,,, r 
(2 +; r)24., 7,1.852., 0.911 
G 7600 Y3 = 
0.058w,,,,,,, 
Q=Q,,,, r. 
ANS,, =Q 7(2 +; r)24 = 863.8Q,, Orm 
When plotted, the following load-displacement response is produced: 
1000 
0 (M) 
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0 
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APPENDIX 6- 3D PAPER CUT-OUT OF A LOAD PATHS USED TO 
EVALUATE THE NATURE OF A CONVEX BEARING CAPACITY 
FAILURE ENVELOPE. 
Instructions: 
1. Cut out the border around the diagram 
2. Cut out the grey shaded area 
3. Fold the remaining paper along theQH/ASu axis and the Q, /Fv axis and 
place on a surface with the base of the model being the side with Q, /Fv 
written on it, i. e.: 
ýtj 
0 
Appendices 
Page 507 
D. H. Edwards (2007) - Numerical Analysis of Spudcan Foundations 
APPENDIX 7- DERIVATION OF 'PEAK FUNCTION'-BASED 
COMBINED BEARING CAPACITY ENVELOPE PREDICTIVE 
FRAMEWORK. 
As noted in Figure 6-22 the bearing capacity envelope of a footing is assumed to 
consist of a combination of a circular function plus a'peak function'. 
In this approach, the hyperbolic tan function is used as a basis in order to 
produce the peak. Note that although load angles are shown in degrees here, for 
computation of the hyperbolic tan function, angles should be converted to 
radians. 
As the peak function is determined in Fmv/Fm vs. FHv/FH load space, a modified 
load application angle, 0* defined in Eq. 10- 1, is required in order to represent the 
polar angle, with 0*=O* and 9011 referring to purely moment and purely horizontal 
loading respectively. 
QHvm F 
tan-' , fv Eq. 10-1 
( 
Qmvu FHv 
) 
The development of this framework is described as follows: 
1. The peak form is produced by taking the modulus of the hyperbolic tan 
function, with the peak occurring at a particular load angle, O*peako which, 
in the case of the illustrated example in the figure below, equals 50". Note 
that a multiplier of 2 is applied in the formulation to produce the required 
degree of kurtosis in the peak function to provide the best fit to the 
bearing capacity envelopes. Also of importance is that radians are used in 
the computations described below, however results are presented for 0 in 
degrees. 
Amplitude = 
Itanh 2(E)*- G*peaý 
I 
Eq. 10-2 
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1.0 
0.8 
a, eakAanh(2E)*peak) 
4) 
«a 0.6 
E 0.4 
0.2 
0.0 
I Eq. 10-2 1 
0 10 20 30 40 50 60 70 80 90 
G* (degrees) 
2. In order to produce a 'positive peak', the above curve is subtracted from 
the value that occurs at 0=011 coincidentally ensuring that the peak 
function equals zero at 0=011. The equation and resulting curve are shown 
in Eq. 10-3 and in the plot below. 
Amplitude = apeak- Itanh 2(E)* - 
E)*peak 
Eq. 10-3 
apeak= tanh(20*i? 
eak 
Eq. 10-4 
1.0 - 
0.8 - 
0.6 E q. 10 -3 
E 0.4 
-cc 
0.2 
I Y=apeak-tanh[2(/27C-E)*peak)] 
0.0 
0 10 20 30 40 50 60 70 810 90 
0*(degrees) 
3. The peak function must also necessarily be zero at 6=900. In order to 
achieve this Eq. 10-3 is reduced by a value that increases linearly from 
zero at 6=011 to Y at E)*=900, as in Eq. 10-5, resulting in the curve shown 
in the figure below. 
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Amplitude = apeak- Itanh 2(0" -V peak 
y 
Eq. 10-5 Y2 
Y=apeak- tanh(2(Y2- E)*peak 
Eq. 10-6 
1.0 
0.8 
0 '0 0.6 
'a 
E 0.4 
0.2 
0.0 
I Eq. 10-5 [ 
0 10 20 30 40 50 60 70 80 90 
E)* (degrees) 
The magnitude of the curve's amplitude can be adjusted by simply scaling Eq. 
10-5 by a constant, rpeak. By adjusting E)*peak and rpeaki the 'peak function' 
component of the bearing capacity envelope prediction can be fit to the 
corresponding data in order to produce a relationship suitable for design, 
requiring only four parameters: 
rpeak- the scalar multiplier to define the magnitude of the peak function 
G*peak- the modified load angle at which the peak occurs 
FH - the bearing capacity of the foundation under purely horizontal 
loading for that Qv/Fv ratio. 
Fm - the bearing capacity of the foundation under purely moment loading 
for that Qv/Fv ratio. 
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APPENDIX 8- ILLUSTRATIVE EXAMPLE FOR DETERMINING THE 
ULTIMATE CAPACITY OF A STRIP FOOTING UNDER COMBINED 
LOADING USING THE APPROACH DESCRIBED IN SECTION 6.3.2. 
Information vrovided: 
Footing width = 12m 
Soil strength = 34kPa 
Preload = 20OOkN 
Vertical load under current conditions = 1350kN 
Ratio of applied Horizontal loading to applied moment load (QHB/Qm) = 0.5 
Problem: Calculate the horizontal and moment failure load for this set of 
combined loadings. 
Solution: 
()H/QM` 0.5 
Using Eq. 6-5: 
tan-' 
(QHB) 
Qm 
... 0 = tan" 
(0.5) = 26.6" = 0.463 radians 
Qv/Fv = 1350 / 2000 = 0.675 
Using Eq. 6-6: 
32 
2.52 v+0.45 
kv- 
+ 0.48 r,, eak= 1.75 v 
(RV-) (-QFvý 
Fv Fv 
rpeak= 0.174 
Using Eq. 6-7., 
32 
-37.0 
ýLv +0.95 v+1.09( 
Qv 
+ 37.5 Opeak Fvv 
) 
Fv-) Fv 
(Rv 
Opeak= 27.31) = 0.476 radians 
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Using Eq. 6-8: 
apeak= tanh(2E)peak 
apeak =0.741 
Using Eq. 6-9: 
Y= tanh(20peak)-tanh(2[12- Opeak 
Y= -0.234 
From Eq. 6- 10: 
E) F (0) =1 + rp, ak apeak-jtanh(2(0-E)peak Y2 
Yj 
When plotted against 0, F(G) is as shown below: 
1.14 
1.12 
1.10 
1.08 
LL, 1.06 
1.04 
1.02 
1.00 
0 15 30 45 60 75 90 
0 (degrees) 
For 0=26.6*, F(E)) = 1.137 
As Q, /Fv > 0.5, 
From Eq. 6-15., 
I 
Qv 2.3 
V 
FHv 
-- v =I. OOX 4. 
Qv- 
T_))Y = 0.893 BS,, Fv v 
... 
FHV 
=0.893 x 12 x 34 = 364.3 M 
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From Eq. 6-16: 
F,,, 
=0.70X 4kv-(1-1.2v-ý' 0.614 2 B S. E 
. -. Fmv = 0.614 x 
12 x 12 x 34 = 3006.1 kNm. 
From Eq. 6-11: 
FHvm =FHvF(O)sinG 
. -. FHVM = 364.3 x 1.137 x sin(26-60) = 185.5 M 
From Eq. 6-12: 
FmVH= FmvF(O)cosO 
. -. FMVH = 3006.1 x 1.137 x cos(26.60) = 3056.2 kNm 
The bearing capacity envelope for Ov/Fv=0.675 is shown below with the capacity 
at the required load ratio highlighted: 
3200 
2400 
E 
z 1600 
LL 
800 
0 
0 100 200 300 400 
FHV (M) 
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APPENDIX 9- TABULATED VALUES OF STRIP FOOTING BEARING 
CAPACITY ENVELOPE ALLOWING FOOTING-SOIL ADHESION 
QV/FV = 0.0 QV/FV = 0.2 Ov/Fv = 0.4 Ov/Fv = 0.5 
r OH/BSu Qm/B"S, OH/BSu Om/B'gS, OH/BSu Om/BzSu OH/BSu 0m1B2Su 
0.0 0.000 0.701 0.000 0.700 0.000 0.681 0.000 0.669 
0.2 1 0.146 
0.728 0.146 0.731 0.141 0.706 0.137 0.683 
0.5 0.382 0.764 0.383 0.767 0.367 0.735 0.351 0.703 
0.75 0.587 0.783 0.585 0.779 0.564 0.752 0.534 0.712 
0.9 0.712 0.791 0.706 0.785 0.674 0.749 0.639 0.710 
1.0 0.794 0.794 0.784 0.784 0.741 0.741 0.687 0.687 
1.1 0.876 0.796 0.842 0.766 0.780 0.709 0.720 0.655 
1.2 0.920 0.766 0.872 0.726 0.814 0.678 0.751 0.626 
1.3 0.936 0.720 0.898 0.691 0.844 0.649 0.780 0.600 
1.45 0.963 0.642 0.946 0.630 0.887 0.591 0.825 0.550 
1.7 0.978 0.575 0.974 0.573 0.914 0.538 0.856 0.504 
2.0 0.997 0.498 0.997 0.499 0.948 0.474 0.892 0.446 
2.5 1.007 0.403 1.005 0.402 0.982 0.393 0.922 0.369 
3.5 1.040 0.297 1.004 0.287 0.989 0.291 0.955 0.273 
5.0 1.039 0.208 1.002 0.197 0.990 0.199 0.960 0.191 
10.0 1.031 0.103 1.001 0.096 0.990 1 0.097 0.968 0.096 
00 L- 
_ 1.030 0.000 
1 
0.997 1 0.000 1 0.998 1 0.000 0.979 0.000 
QV/Fv = 0.6 QV/Fv = 0.7 QV/Fv = 0.8 Qv/Fv = 0.9 
()H/BSu OmIB4Su QH/IBSU OmlBzSu ()H/BSU Om/B"Su QH/BSu Om/B'cSu 
0.0 0.000 0.633 0.000 0.560 0.000 0.429 0.000 0.239 
0.2 0.130 0.649 1 0.114 
0.570 0.088 0.439 0.049 0.247 
_ 0.5 0.329 0.658 0.289 0.577 0.221 0.443 0.126 0.252 
0.75 0.493 0.658 0.422 0.563 0.315 0.420 0.185 0.247 
0.9 0.572 0.635 0.475 0.528 0.357 0.396 0.209 0.232 
1.0 0.608 0.608 0.507 6. -5-07 0.380 0.380 0.223 0.223 
1.1 0.641 0.582 0.535 0.487 0.402 0.366 0.238 0.216 
1.2 0.671 0.559 0.561 0.468 0.423 0.352 0.250 0.208 
1.3 0.694 0.534 0.584 0.450 0.440 0.339 0.259 0.200 
1.45 0.736 0.491 0.623 0.415 0.471 0.314 0.277 0.185 
1.7 0.772 0.454 0.655 0.386 0.497 0.293 0.296 0.174 
2.0 0.810 0.405 0.689 0.344 0.527 0.263 0.314 0.157 
2.5 0.843 0.337 0.727 0.291 0.564 0.225 0.340 0.136 
_ 3.5 0.883 0.252 0.773 0.221 0.612 0.175 0.371 0.106 
5.0 0.903 0.181 0.798 0.160 0.635 0.127 0.388 0.078 
10.0 0.918 0.092 0.818 0.082 0.669 0.067 0.397 0.0410 
00 _ 0.941 0.000 0.854 0.000 1 0.679 0.000 
1 0.405 0.000 
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APPENDIX 10 -TABULATED VALUES OF STRIP FOOTING BEARING 
CAPACITY ENVELOPE NOT ALLOWING FOOTING-SOIL ADHESION 
QV/FV = 0.0 QV/FV = 0.2 QV/FV = 0.4 QV/FV = 0.5 r OH/BS, Om/B»Su OH/BS, Om/B2S, OH/BSU Om/BzSu OH/BSu Om/BzSu 
0.0 0.000 0.000 0.000 0.376 0.000 0.598 0.000 0.641 
' 0.2 0.004 0.018 0.075 0.375 0.119 0.596 0.128 0.638 
0.5 0.009 0.018 0.188 0.375 0.293 0.586 0.306 0.613 
0.75 0.012 0.016 0.278 0.371 0.418 0.558 
0.9 0.013 0.015 0.333 0.370 0.480 0.533 0.497 0.552 
1.0 0.014 0.014 0.363 0.363 0.517 0.517 
1.1 0.020 0.018 0.387 0.352 0.550 0.500 0.569 0.517 
1.2 0.021 0.017 1 0.411 0.342 0.581 0.484 0.600 0.500 
1.3 0.022 0.017 0.437 0.336 0.612 0.4 0. 
1.45 0.023 0.015 0.472 0.314 0.664 0.443 0.682 0.455 
1.7 0.024 0.014 0.505 0.297 0.704 0.415 0.720 0.424 
2.0 0.028 0.014 0.552 0.276 0.750 0.375 0.765 0.382 
2.5 0.040 0.016 0.809 0.324 0.823 0.329 
3.5 0.042 0.012 0.858 0.245 0.879 0.251 
5.0 0.045 0.009 0.701 0.140 0.887 0.177 0.920 0.188 
10.0 0.048 0.005 0.742 0.074 0.922 0.092 0.954 0.095 - Jl - 1 0.761 0.000 0.928 0.000 0.964 0.000 
Ov/Fv = 0.6 Ov/Fv = 0.7 QV/Fv = 0.8 Qv/Fv = 0.9 
QH/BS,. Om/BS,, QH/BS,, am/131'su QH/BSu QmIB"Su QH/BSu am/BlSu 
0.0 0.000 0.632 0.000 0.562 0.000 0.425 0.000 0.237 
0.2 0.127 0.633 0.113 0.563 0.087 0.434 0.049 0.246 
0.5 0.268 0.535 0.213 0.425 0.125 0.251 
0.75 0.417 0.555 0.374 0.498 0.294 0.392 0.178 0.238 
0.9 0.477 0.530 0.427 0.474 0.336 0.373 0.207 0.230 
1.0 0.457 0.457 0.360 0.360 0.221 0.221 
1.1 0.549 0.499 0.485 6.441 0.385 0.350 0.233 0.212 
1.2 0.574 0.478 0.409 0.341 0.244 0.204 
1.3 0.606 0.466 0.545 0.419 0.425 0.327 0.257 0.198 
1.45 0.653 0.435 0.583 0.388 0.458 0.305 0.276 0.184 
1.7 0.692 0.407 0.611 0.359 0.488 0.287 0.292 0.172 
2.0 0.733 0.366 0.655 0.328 0.519 0.259 0.312 0.156 
2.5 0.785 0.314 0.708 0.283 0.556 0.223 0.335 0.134 
3.5 0.848 0.242 0.762 0.218 0.609 0.174 0.367 0.105 
5.0 0.889 0.178 0.801 0.160 0.648 0.130 0.377 0.075 
10.0 0.917 0.092 0.849 0.085 0.668 0.067 0.395 0.039 
co L- 
0.940 0.000 0.846 10.000 0.669 0.000 0.392 . 
0.000 
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APPENDIX 11 - TABULATED VALUES OF CIRCULAR FOOTING 
BEARING CAPACITY ENVELOPE ALLOWING FOOTING-SOIL 
ADHESION 
Ov/Fv = 0.0 Ov/ v=0.2 QV/Fv = 0.4 QV/Fv = 0.5 
QH/AS,, OmIADS,, QH/AS,, Om/ADS,, QH/AS. Om/ADS,, QH/AS,, Qm/ADS,, 
0.0 0.000 0.690 0.000 0.668 0.000 0.640 0.000 0.607 
0.2 0.142 0.709 0.136 0.681 0.130 0.652 0.123 0.616 
0.5 0.365 0.730 0.346 0.693 0.331 0.662 0.310 0.621 
0.75 0.554 0.739 0.532 0.710 0.498 0.664 0.464 0.619 
0.9 0.665 0.739 0.639 0.709 0.597 0.663 0.560 0.622 
1.0 0.740 0.740 0.710 0.710 0.665 0.665 0.621 0.621 
1.1 0.809 0.736 0.779 0.708 0.720 0.655 0.670 0.609 
1.2 0.882 0.735 0.837 0.697 0.759 0.633 0.703 0.586 
1.3 0.861 0.662 0.782 0.602 0.730 0.562 
1.45 0.901 0.621 0.806 0.556 0.764 0.527 
1.7 0.975 0.574 0.941 0.553 0.855 0.503 0.806 0.474 
2.0 1.005 0.502 0.970 0.485 0.893 0.446 0.829 0.414 
2.5 1.043 0.417 1.004 0.402 0.938 0.375 0.874 0.349 
3.5 1.069 0.305 0.974 0.278 0.911 0.260 
5.0 1.062 0.212 1.028 0.206 0.971 0.194 0.931 0.186 
10.0 1.041 0.104 1.027 0.103 0.979 0.098 0.948 0.095 
co 1.040 0.000 0.979 0.000 0.980 0.000 0.956 0.000 
Qv/Fv = 0.6 Ov/Fv = 0.7 QV/Fv = 0.8 Ov/Fv = 0.9 
OH/AS,, Om/ADS,, OH/AS,. Qm/ADS. QH/AS,, Om/ADS,, QH/AS,, Om/ADS,, 
0.0 0.000 0.567 0.000 0.507 0.000 0.397 0.000 0.231 
0.2 0.114 0.572 0.102 0.512 0.080 0.400 0.046 0.228 
0.5 0.287 0.573 0.256 0.511 0.197 0.393 0.112 0.224 
0.75 0.430 0.573 0.380 0.506 0.283 0.377 0.160 0.213 
0.9 0.512 0.569 0.427 0.475 0.317 0.353 0.182 0.203 
1.0 0.555 0.555 0.457 0.457 0.340 0.340 0.195 0.195 
1.1 0.590 0.536 0.484 0.440 0.360 0.327 0.209 0.190 
1.2 0.615 0.512 0.507 0.423 0.380 0.316 21 0.184 
1.3 0.639 0.491 0.529 0.407 0.396 0.304 0.231 0.178 
1.45 0.668 0.461 0.556 0.384 0.420 0.290 0.247 0.170 
1.7 0.711 0.418 0.598 0.352 0.452 0.266 0.266 0.157 
2.0 0.748 0.374 0.631 0.316 0.483 0.241 0.288 0.144 
2.5 0.790 0.316 0.675 6.270 0.522 0.209 0.314 0.126 
3.5 0.833 0.238 0.724 0.207 0.578 0.165 0.352 0.101 
5.0 0.862 0.172 0.771 0.154 0.615 0.123 0.387 0.077 
10.0 0.890 0.089 0.812 0.081 0.660 0.066 0.421 0.042 
co 
-1 0.920 1 0.000 0.840 0.000 1 0.702 1 0.000 0.444 0.000 
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APPENDIX 12 - TABULATED VALUES FOR SPUDCAN (5=127*) 
BEARING CAPACITY ENVELOPE ALLOWING FOOTING-SOIL 
ADHESION 
Ov/Fv = 0.0 Ov/Fv = 0.2 QV/Fv = 0.4 Qv/Fv = 0.5 
QH/AS,, Qm/ADS,, QH/AS,, jQm/ADS, WAS, WADS, CIH/AS,, Om/ADS,, 
0.0 0.000 0.682 0.000 0.685 0.000 0.669 0.000 0.618 
0.2 Ovl4l 0.705 0.141 0.703 0.137 0.683 0.126 0.629 
0.5 0.369 0.737 0.365 0.730 0.349 0.698 0317 0.634 
0.75 0.567 0.756 0.558 0.744 0.529 0.706 0.478 0.637 
0.9 0.689 0.765 0.675 0.750 0.640 0.711 0.577 0.641 
1.0 0.769 0.769 0.751 0.751 0.710 0.710 0.639 0.639 
1.1 0.851 0.773 0.827 0.752 0.776 0.706 0.701 0.637 
1.2 0.930 0.775 0.901 0.751 0.851 0.709 0.761 0.634 
1.3 1.012 0.778 0.974 0.749 0.913 0.702 0.828 0.637 
1.45 1.131 0.780 1.088 0.751 1.015 0.700 
1.7 1.320 0.776 1.261 0.742 1.174 0.691 1.100 0.647 
2.0 1.542 0.771 1.461 0.731 1.355 0.677 1.274 0.637 
2.5 1.873 0.749 1.738 0.695 1.533 0.613 1.453 0.581 
3.5 2.109 0.603 1.896 0.542 1.564 0.447 1.481 0.423 
5.0 2.068 0.414 1.531 0.306 1.419 0.284 
10.0 1.779 0.178 1.615 0.162 1.400 0.140 1.308 0.131 
co 1.493 1 0.000 1.397 0.000 1.302 0.000 1.199 
Qv/Fv = 0.6 QV/Fv =-0.7 QV/Fv = 0.8 Ov/Fv = 0.9 
QH/AS,. Clm/ADS,, OH/AS,, Qm/ADS,, QH/AS,, Qm/ADS. Oti/AS,, Clm/ADS,, 
0.0 0.000 0.568 0.000 0.506 0.000 0.396 0.000 0.243 
0.2 0.116 0.579 0.103 0.515 0.080 0.400 0.049 0.244 
0.5 0.296 0.591 0.262 0.524 0.200 0.399 0.123 0.247 
0.75 0.447 0.596 0.395 0.527 0.299 0.399 
0.9 0.539 0.599 0.472 6.525 0.357 0.397 0.219 0.243 
1.0 0.597 0.597 0.521 0.521 0.395 0.395 
1.1 0.657 0.598 0.571 0.519 0.432 0.393 0.261 0.237 
1.2 0.717 0.598 0.619 0.516 0.468 0.390 0.276-- F 0.230 
1.3 0.775 0.596 0.664 0.511 0.504 0.388 0.299 0.230 
1.45 0.858 0.592 0.734 0.506 0.561 0.387 0.324 0.224 
1.7 0.990 0.583 0.854 0.502 0.647 0.380 0.367 0.216 
2.0 1.134 0.567 0.948 0.474 0.718 0.359 0.395 0.197 
2.5 1.253 0.501 1.008 0.403 0.775 0.310 0.434 0.173 
3.5 1.266 0.362 1.029 0.294 0.811 0.232 0.468 0.134 
5.0 1.223 0.245 1.033 0.207 0.804 0.161 0.499 0.100 
10.0 1.140 0.114 0.990 0.099 0.807 0.081 0.527 0.053 
co 1.066 
1 0.000 0.921 0.000 0.789 0.000 0.535 0.000 
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APPENDIX 13 - TABULATED VALUES FOR SPUDCAN (0=1350) 
BEARING CAPACITY ENVELOPE ALLOWING FOOTING-SOIL 
ADHESION 
Qv/F v -- 0.0 
Ov/Fv = 0.2 QV/Fv = 0.4 OV/Fv = 0.5 
QH/ASu OmIADSu CIH/ASu Qm/ADSu QH/ASu OmIADSu QH/ASu OmIADSu 
0.0 0.000 0.691 0.000 0.688 0.000 0.652 0.000 0.615 
0.2 0.144 0.718 0.143 0.713 0.133 0.667 0.126 0.630 
0.5 0.371 0.742 0.367 0.734 0.341 0.682 0.320 0.639 
0.75 0.567 0.755 0.559 0.746 0.517 0.689 0.486 0.649 
0.9 0.688 0.765 0.674 0.749 0.623 0.692 0.585 0.650 
1.0 0.769 0.769 0.752 0.752 0.696 0.696 0.647 0.647 
1.1 0.851 0.774 0.829 0.754 0.765 0.695 0.714 0.649 
1.2 0.931 0.776 0.904 0.753 0.833 0.694 0.783 0.652 
1.3 1.012 0.778 0.979 0.753 0.899 0.692 0.842 0.648 
1.45 1.133 0.781 1.086 0.749 0.933 0.644 
1.7 1.327 0.781 1.271 0.748 1.159 0.682 1.106 0.651 
2.0 1.546 0.773 1.488 0.744 1.360 0.680 1.269 0.634 
2.5 1.870 0.748 1.670 0.668 1.509 0.604 1.336 0.535 
3.5 1.842 0.526 1.703 0.487 1.475 0.422 1.330 0.380 
5.0 1.635 0.327 1.614 0.323 1.446 0.289 1.314 0.263 
16.0 1.476 0.148 1.420 0.142 1.338 0.134 ' 
Do f-1.279 . 
0.000 
- . 
1.222 
. 
0.000 
. 
1.224 0.000 1.173 0.000 
QV/Fv = 0.6 Qv/Fv 0.7 QV/Fv = 0.8 QV/Fv = 0.9 
QH/AS,, Qm/ADS. ()H/AS,, OMIADS, ()H/ASu Qm1ADSu CIH/ASu Om/ADS,, 
0.0 0.000 0.570 0.000 0.511 0.000 0.396 0.000 0.228 
0.2 0.116 0.580 0.105 0.524 0.080 0.400 0.046 0.232 
0.5 0.298 0.596 0.263 0.526 0.204 0.408 0.115 0.230 
0.75 0.450 0.600 0.394 0.526 0.304 0.406 0.172 0.230 
0.9 0.540 0.600 0.470 0.523 0.363 0.403 0.205 0.228 
1.0 0.601 0.601 0.521 0.521 0.404 0.404 0.228 0.228 
1.1 0.662 0.602 0.570 0.518 0.440 0.400 0.254 0.231 
1.2 0.718 0.599 0.618 0.515 0.476 0.397 0.272 0.227 
13 0.775 0.596 0.667 0.513 0.509 0.391 0.294 0.226 
1.45 0.860 0.593 0.738 0.509 0.565 0.389 0.320 0.221 
1.7 0.990 0.582 0.841 0.494 0.618 0.363 0.361 0.212 
20 1.094 0.547 0.897 0.449 0.655 0.327 0.382 0.191 
2.5 1.147 0.459 0.934 0.373 0.688 0.275 0.419 0.167 
3.5 1.1 54 0.330 0.972 0.278 0.735 0.210 0.463 0.132 
5.0 _ 1.156 0.231 0.978 0.196 0.748 0.150 0.486 0.097 
10.0 1.116 0.112 0.971 0.097 0.764 0.076 - 
0.504 
- 
0.050 
00- 1.074 0.000 0.944 1 
0.000 0.762 ý 0.000 
T 0.5 14 0.000 
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APPENDIX 14 - TABULATED VALUES FOR SPUDCAN (0=150o) 
BEARING CAPACITY ENVELOPE ALLOWING FOOTING-SOIL 
ADHESION 
Qv/Fv = 0.0 QV/Fv = 0.2 Qv/Fv = 0.4 Qv/Fv = 0.5 r QH/ASu Qm/ADS, Oli/AS, Qm/ADSu OH/ASu Clm/ADS, QH/ASu Qm/ADSu 
0.0 0.000 0.700 0.000 0.698 0.000 0.650 0.000 0.623 
0.2 0. 146 0.728 0.144 0.720 0.134 0.669 0.126 0.628 
0.6- - 0.381 0.763 0.370 0.741 0.347 0.693 0.317 0.634 
- 0.75 0.588 0.784 0.560 0.747 0.520 0.693 0.474 0.633 
0.9 0.711 0.790 0.680 0.755 0.626 0.696 0.576 0.640 
1.0 0.794 0.794 0.758 0.758 0.696 0.696 0.641 0.641 
1.1 0.876 0.797 0.834 0.758 0.770 0.700 0.709 0.645 
1.2 0.956 0.797 0.913 0.761 0.835 0.696 0.769 0.641 
1.3 1.039 0.800 0.988 0.760 0.906 0.697 0.834 0.642 
1.45 1.146 0.790 1.096 0.756 1.009 0.696 0.929 0.641 
1.7 1.342 0.789 1.279 0.753 1.190 0.700 1.058 0.622 
2.0 1.545 0.772 1.441 0.720 1.236 0.618 1.098 0.549 
2.5 1.582 0.633 1.445 0.578 1.269 0.507 1.147 0.459 
3.5 1.446 0.413 1.398 0.399 
5.0 1.326 0.265 1.316 0.263 1.156 0.231 
10.0 1.225 0.122 1.208 0.121 1.179 0.118 1.131 0.113 
00 1.155 0.000 1.126 0.000 1.111 0.000 1 1.101 0.000 
OV/Fv = 0.6 QV/Fv = 0.7 Qv/Fv = 0.8 Ov/Fv = 0.9 r OH/ASu Om/ADSu ()H/ASu Qm/ADSu Oti/ASu Qm/ADSu QH/ASu Om/ADSu 
0.0 0.000 0.572 0.000 0.518 0.000 0.396 0.000 0.228 
0.2 0.116 0.581 0.105 0.524 0.085 0.401 0.046 0.228 
0.5 0.295 0.589 0.264 0.527 0.200 0.400 0.114 0.227 
0.75 0.396 0.528 0.300 0.400 0.169 0.226 
0.9 0.545 0.605 0.475 0.527 0.357 0.396 0.204 0.227 
1.0 0.603 0.603 0.524 0.524 0.396 0.396 0.225 0.225 
1.1 0.659 0.599 0.575 0.523 0.430 0.391 0.247 0.224 
1.2 0.717 0.598 0.623 0.519 0.468 0.390 0.264 0.220 
1.3 0.768 0.591 0.665 0.512 0.501 0.385 0.282 0.217 
1.45 0.851 0.587 0.712 0.491 0.528 0.364 0.304 0.210 
1.7 0.939 0.552 0.758 o. 446 0.564 0.332 0.327 0.193 
2.0 0.978 0.489 
_0.795 
0.398 0.589 0.294 0.355 0.177 
2.5 1.017 0.407 0.843 0.337 0.389 0.156 
3.5 0.885 0.253 0.689 0.196 0.427 0.122 
5.0 1.046 0.209 0.912 0.182 0.716 0.143 0.459 0.092 
10.0 1.036 0.104 0.923 0.092 0.740 0.074 0.489 0.049 
co 1.018 1 O. OOF 
TO. 927 
. 
0.600 1 0.749 0.000 
1 
0.497- 1 
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APPENDIX 15 - TABULATED VALUES FOR SPIKED SPUDCAN 
&15011) BEARING CAPACITY ENVELOPE ALLOWING FOOTING. 
SOIL ADHESION 
QV/Fv = 0.0 QV/Fv = 0.2 QV/Fv = 0.4 QV/Fv = 0.5 
QH/AS,, Om/ADS,, QH/AS,. Om/ADS,, OH/AS., Om/ADS,, QH/AS,, Qm/ADS,, 
0.0 0.000 0.713 0.000 0.690 0.000 0.666 0.000 0.624 
0.2 0.144 0.721 0.141 0.703 0.136 0.681 0.127 0.636 
0.5 0.376 0.752 0.368 0.737 0.347 0.694 0.321 0.642 
0.75 0.578 0.771 0.562 0.750 0.526 0.701 0.488 0.650 
0.9 0.701 0.779 0.685 0.761 0.632 0.702 0.586 0.651 
1.0 0.783 0.783 0.762 0.762 0.704 0.704 0.649 0.649 
1.1 0.867 0.788 0.840 0.764 0.772 0.702 0.722 0.656 
1.2 0.948 0.790 0.916 0.763 0.844 0.703 0.784 0.653 
1.3 1.032 0.794 0.995 0.766 0.914 0.703 0.853 0.656 
1.45 1.153 0.795 1.106 0.763 1.022 0.705 
1.7 1.352 0.795 1.293 0.760 1.205 0.709 1.077 0.633 
2.0 1.575 0.787 1.500 0.750 1.324 0.662 1.122 0.561 
2.5 1.714 0.685 1.529 0.612 1.387 0.555 1.163 0.465 
3.5 1.624 0.464 1.481 0.423 1.319 0.377 1.186 0.339 
5.0 1.475 0.295 1.421 0.284 1.296 0.259 1.183 0.237 
10.0 1.329 0.133 1.341 0.134 1.228 0.123 1.163 0.116 
co 1.219 0.000 
1 
1.215 0.000 1.155 0.000 1.126 0.000 
Ov/Fv = 0.6 QV/Fv = 0.7 QV/Fv = 0.8 Ov/Fv = 0.9 
QH/AS,, Qm/ADS,, QH/AS,. Qm/ADS. CIH/AS,, Om/ADS,, QH/AS,, Om/ADS,, 
0.0 0.000 0.578 0.000 0.517 0.000 0.403 0.000 0.229 
0.2 0.118 0.588 0.105 0.524 0.081 0.407 0.045 0.226 
0.5 0.300 0.600 0.269 0.538 0.203 0.406 0.1 13_ 0.227 
0.75 0.456 0.608 0.401 0.535 0.304 0.405 0.172 0.229 
5. '-9- 0.544 0.604 0.481 0.534 0.360 0.406 0.206 0.229 
1.0 0.604 0.604 0.532 0.532 0.398 0.398 0.228 0.228 
1.1 0.670 0.609 0.581 0.528 0.433 0.393 0.247 0.224 
1.2 0.726 0.605 0.629 0.524 0.467 0.389 
1.3 0.783 0.602 0.672 0.517 0.497 0.382 0.281 0.216 
1.45 0.856 0.590 0.712 0.491 0.529 0.365 0.295 0.204 
1.7 0.935 0.550 0.757 0.445 0.573 0.337 0.323 0.190 
2.0 0.972 0.486 0.796 0.398 0.608 0.304 0.346 0.173 
2.5 1.009 0.404 0.829 0.332 0.649 0.260 0.382 0.153 
3.5 1.057 0.302 0.873 0.250 0.698 0.199 0.417 0.119 
5.0 1.066 _ 0.213 0.901 0.180 0.723 0.145 0.446 0.089 
10.0 1.064 0.106 0.907 0.091 0.733 0.073 0.483 0.048 
co 1.047 0.000 0.905 0.000 0.741 1 0.000 1 0.502 0.000 
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APPENDIX 16 - TABULATED VALUES FOR SPUDCAN (@=163" 
BEARING CAPACITY ENVELOPE ALLOWING FOOTING-SOIL 
ADHESION 
OV/FV = 0.0 QV/FV = 0.2 OV/FV = 0.4 Ov/Fv = 0.5 
OH/AS 
1 
'QmlADS OH/ASý, 0mIADSý, OH/AS Om/ADS l OH/AS,. 10m/ADS. 
0.0 0.000 0.715 0.000 0.694 0.000 0.663 0.000 0.619 
0.2 0.148 0.742 0.143 0.716 0.136 0.679 0.127 0.633 
0.5 0.378 0.756 . 
0.372 0.744 0.350 0.700 0.319 0.638 
0.75 0.582 0.776 0.572 0.763 0.527 0.702 0.484 0.645 
0.9 0.707 0.786 0.692 0.769 0.634 0.704 0.583 0.647 
1.0 0.791 0.791 0.771 0.771 0.704 0.704 0.650 0.650 
1.1 0.875 0.796 0.850 0.773 0.785 0.714 0.714 0.649 
1.2 0.961 0.800 0.933 0.777 0.852 0.710 0.783 0.653 1 
1.3 1.042 0.801 1.010 0.777 0.926 0.713 0.853 0.656 
1.45 1.164 0.803 1.124 0.775 0.998 0.688 0.901 0.621 
1.7 1.260 0.741 1.203 0.708 1.057 0.622 0.955 0.562 
2.0 1.279 0.640 1.228 1 0.614 1.091 0.546 0.992 0.496 
2.5 1.254 0.502 1.229 0.492 1.114 0.445 1.027 0.411 
3.5 1.219 0.348 1.204 0.344 1.129 0.322 1.068 0.305 
5.0 1.154 0.231 1.125 0.225 1.051 0.210 
10.0 1.107 0.111 1.097 0.110 1.040 0.104 
00 1.124 0.000 1 1.062 1 0.000 1 1.033 1 0.000 1.006 1 0.000 
QV/FV = 0.6 QV/FV = 0.7 Ov/Fv = 0.8 Ov/Fv = 0.9 r OH/ASu Om/ADS OH/ASu Qm/ADSu OH/ASu Qm/ADSu OH/ASU am/ADSU 
0.0 0.000 0.574 0.000 0.511 0.000 0.397 0.000 0.228 
0.2 0.116 0.581 0.104 0.520 0.080 0.401 0.045 0.227 
0.5 0.295 0.590 0.264 0.527 0.202 0.405 0.114 0.227 
0.75 0.448 0.598 0.396 0.528 0.502 0.403 0.170 0.227 
0.9 0.474 0.526 0.204 0.226 
1.0 0.603 0.603 0.519 0.519 0.393 0.393 
1.1 0.659 0.599 0.568 0.516 0.425 0.386 0.250 0.227 
1.2 0.711 0.592 0.602 0.502 0.451 0.376 0.269 0.224 
1.3 0.757 0.582 0.628 0.483 0.471 0.362 0.286 0.220 
1.45 0.798 0.550 0.660 0.455 0.497 0.343 0.302 0.208 
1.7 0.847 0.499 0.705 0.414 0.531 0.313 0.326 0.192 
2.0 0.886 0.443 0.744 0.372 0.567 0.283 0.351 0.176 
2.5 0.927 0.371 0.797 0.319 0.603 0.241 0.382 0.153 
3.5 0.961 0.275 0.842 0.241 0.655 0.187 0.415 0.119 
5.0 0.987 0.197 0.874 0.175 0.692 0.138 0.447 0.089 
10.0 1.001 0.100 0.896 0.090 0.718 0.072 0.473 0.047 1 
00 1 0.991 1 0.000 0.904 0.000 0.710 0.000 0.497 0.000 1 
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APPENDIX 19 - TABULATED VALUES FOR SPIKED SPUDCAN 
(0=150") BEARING CAPACITY ENVELOPE AT VARIOUS EMBEDMENT 
DEPTHS AT Ov/Fv=0.5 
Z/D=0.00 Z/D=0.05 Z/D=0.25 
r QH/ASu Qm/ADSu QH/ASu Qm/ADSu C)H/ASu Qm/ADS, 
0.0 0.000 0.624 0.000 0.739 0.000 0.725 
0.2 0.127 0.636 0.150 0.751 0.148 0.738 
0.5 0.321 0.642 0.379 0.759 0.379 0.758 
_ 0.75 0.488 0.650 0.576 0.768 0.583 0.778 
0.9 0.586 0.651 0.691 0.768 
1.0 0.649 0.649 0.772 0.772 
1.1 0.722 0.656 0.849 0.772 
1.2 0.784 0.653 0.917 0.764 
1.3 0.853 0.656 0.992 0.763 
1.45 1.104 0.761 1.189 0.820 
1.7 1.077 0.633 1.224 0.720 1.369 0.806 
2.0 1.122 0.561 1.265 0.633 1.446 0.723 
2.5 1.163 0.465 1.328 0.531 1.476 0.591 
3.5 1.186 0.339 1.351 0.386 1.493 0.427 
5.0 1.183 0.237 1.319 0.264 1.499 0.300 
10.0 1.163 0.116 1.302 0.130 1.453 0.145 
00 0.000 1 1.231 0.000 1.352 0.000 
Z/D=0.50 Z/D=0.75 QV/Fv = 1.00 r 
WAS, QM/ADS,, QH/ASu Qm/ADSu QH/ASu Qm/ADSu 
0.0 0.000 0.733 0.000 0.748 0.000 0.758 
0.2 0.153 0.767 0.153 0.765 0.155 0.773 
0.5 0.389 0.778 0.392 0.784 0.392 0.784 
0.75 0.590 0.787 0.599 0.799 0.598 0.797 
0.9 0.713 0.792 0.723 0.804 0.725 0.806 
1.0 0.795 0.795 0.804 0.804 0.808 0.808 
1.1 0.877 0.798 0.889 0.808 0.894 0.813 
1.2 0.957 0.798 0.969 0.807 
1.3 1.040 0.800 
1.45 1.187 0.819 1.226 0.846 
1.7 1.389 0.817 1.451 0.854 
2.0 1.579 0.790 1.612 0.806 1.662 0.831 
2.5 1.658 0.663 1.674 0.670 
3.5 1.608 0.459 1.602 0.458 
5.0 1.557 0.31 1.527 0.305 
10.0 1.450 0.145 1.450 0.145 
00 1.354 0.000 1.344 0.000 1.326 0.000 
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APPENDIX 20 - ELASTIC SPUDCAN STIFFNESSES DERIVED FROM 
THE ANALYSES OF COMBINED LOADING RESPONSE OF 
SPUDCANS IN SECTION 7 
The elastic stiffness components for conical spudcans at various vertical load 
ratios, Ov/Fv, have been calculated using the data from analyses involving the 
application of purely horizontal and purely moment loading. The corresponding 
values of K2, K3and K4are shown below for the analyses described previously in 
Sections 7.3.2 and 7.3.4. 
Cone Qv/Fv 
angle 0.0 0.2 0.4 0.5 0.6 0.7 0.8 0.9 
K2 6.806 6.750 6.776 6.760 6s791 6.800 6.818 -6.778 
12711 K3 5.581 4.551 5.038 5.388 5.380 5.480 5.574 5.574 
K4 
-0.393 -0.375 -0.367 -0.378 -0.390 -0.400 -0.406, -0.392 
K2 6.575 6.507 6.537 6.534 6.558 6.562 6.577 1 6.613 
13511 K3 5.484 4.473 4.954 5.132 5.283 5.388 5.475 5.494 
K4 1 -0.253 -0.250 -0.231 -0.240 1 -0.249 -0.257 -0.264 -0.255 
K2 6.223 6.130 6.180 6.182 6.199 6.196 6.214 6.198 
1501, K3 5.399 4.404 4.892 5.226 5.200 5.326 5.378 5.424 
K4 
-0.088 -0.114 -0.069 -0.076 -0.082 -0.092 -0.095 -0.088. 
K2 6.267 6.130 6.180 6.201 6.193 6.176 6.181 6.154 Spiked 
0 3 
K3 5.460 4.510 5.002 5.232 5.271 5.394 5.475 5.469 0 151 
-0.108 -0.138 -0.114 -0.116 -0.118 -0.135 -0.113, -0.112 
K2 5.976 5.802 5.880 5.905 58899 5.898 5.932 5.896 
1630 K3 5.390 4.486 4.925 5.179 5.239 5.372 5.386 5.388 
K4 1 -0.018 -0.031 -0.017 -0.011 -0.006 -0.025 -0.028 -0.018 
K2 5.709 5.541 5.523 . 
5.519 5.530 1 5.565 1 5.592 5.608 
18011 K3 
1 
5.363 4.898 5.092 1 5.219 5.288 1 5.343 1 -5. -399 5.396 
K4 0.009 -0.700 -0.613 1 -0.6bO 1 -0.587 1 -0.5-778 T--0569 -0.555 
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The following figures plot the percentage difference between the Initial elastic 
horizontal spudcan stiffness measured from the present finite element analyses 
and the corresponding values calculated based on the values In the above table 
using Eq. 8-47 and Eq. 8-48. The lines in each figure correspond to the various 
vertical load ratios, Qv/Fv, and show the variation of the above difference with the 
combined loading load angle, 0 (where 0 is defined as 
tan"(AQHD/AQm) - 0=0" therefore refers to purely moment loading and 0=9010 Is 
purely horizontal loading). 
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The following plot the variation of initial elastic rotatIonall spudcan stiffness with 
vertical load level and combined loading load angle, 0 (where 0 is defined as 
tan"'(AQHD/AQm) where 0=0 11 refers to purely moment loading and 0=90 11 Is purely 
horizontal loading). 
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APPENDIX 21 - FIELD STUDIES OF STATIC AND DYNAMIC FIXITY 
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APPENDIX 22 - FAST FOURIER TRANSFORM PROGRAM SOURCE 
CODE 
Description: 
If an analysis has listed the horizontal displacements for a particular node at 
every increments during the analysis, the following program will read off the 
pertinent values from the ICFEP listings file and return: 
" The displacement-time history as a fixed-width text file 
" The Fourier amplitude spectrum as a fixed-width text file 
"A plot of the Fourier amplitude spectrum in the command window 
from which the program is run. 
" The inferred natural frequency of the system 
Process: 
* Open listings file 
* User enters number of increments in the analysis and number of the node 
ofinterest 
0 Listing file scanned for the horizontal displacements for the required node. 
Time and displacement values are stored in RESULTS. TXT 
Sine and Cosine Fourier amplitudes are determined using numerical 
harmonic analysis 
Fourier amplitude spectrum output to SPECTRUM. TXT as frequency and 
harmonic amplitude values 
Data is 'plotted' on-screen to give an indication of the spectrum (useful for 
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Variables used within proqram: 
AN -the n th cosine Fourier harmonic amplitude 
AO - the zeroth cosine Fourier harmonic amplitude 
BN -the n th sine Fourier harmonic amplitude 
DT - the duration of each increment in the ICFEP analysis (s) 
DY - the resolution of the harmonic amplitude of the on-screen graph 
F- the frequency corresponding to a particular Fourier harmonic 
FILENAME - name of the ICFEP listing file from which the displacements are to 
be read. 
FMAX - the maximum frequency value for use in plotting the resulting Fourier 
amplitude spectrum on-screen 
MAT - The frequency value corresponding to the largest Fourier amplitude 
inferred from the data (Hz). 
INCR - the increment from which the displacement value is calculated 
INODE - the node number for the node whose response is required 
LINE - the symbol "I" for use in plotting the Fourier amplitude spectrum on- 
screen 
NINCR - the number of increments in the ICFEP analysis 
NODE - the character variable used to locate INODE in the listings file 
PI - 7C 
RESPONSE - the maximum Fourier amplitude value 
T- the time value for the displacement values listing in the RESULTS. TXT file 
[NCR x DT) 
TIME - the character variable used to locate the duration of each increment in 
the ICFEP analysis. 
XDISP -value of the horizontal displacement of the node for that increment. 
Matrices: 
RESULTS (5000 rows, 2 columns) - T, XIDISP - the time(s), displacement(m) 
values of the node deduced for each increment from the listings Input file. 
COEFFS (5000 rows, 3 columns) - INCR, AN, BN - the cosine and sine 
harmonics for each increment. 
POINT (50 rows) - the matrix of points (shown as '1' characters) of the 
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Screenshot: 
Driving frequency =1 OHz 
Natural frequency = 5Hz 
: \d&o)estuff\Fortran\FFT>fft1 
Input list filename, I-Iist. t 
Input node numbert 
02 
Input number of incremental 
fie 
Running... 
ýovponwo 
0 3.3 6.7 18.0 13.3 16.7 Frequency 
Natural Frequency - 5.80@Hz 
: %,. dauestuff\Fortran\FPT> 
. 711 
Validation against Microsoft Excel's Fourier Transform Algorithm: 
2.5 
a) 
2 
: 21 1.5 
CL 
E 
0.5 
- fft program 
* Microsoft Excel 
-r- 
0.0 3.3 6.7 10.0 13.3 16.7 
Frequency (Hz) 
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Code: 
PROGRAM FFT 
DIMENSION RESULTS(5000,2), COEFFS(5000,3), POINT(50) 
CHARACTER FILENAME*6, TIME*11, POINT*l 
REAL PI 
PI - 3.141592654 
WRITE(*, *)"Input list filename, #-list. t" 
READ(*, '(A)I)FILENAME 
WRITE(*, *)"Input node number: " 
READ(*, *)INODE 
WRITE(*, *)"Input number of increments: " 
READ(*, *)NINCR 
WRITE(*, *)"Running... " 
IF(FILENAME. EQ. "#") FILENAME - "list. t" 
OPEN(1, FILE-FILENAME) 
OPEN(2, FILE-"RESULTS. TXT") 
OPEN(3, FILE-IISPECTRUM. TXT") 
WRITE(2, *)" TIME DISP" 
1 READ(1,2, ERR-4, END-5)TIME 
2 FORMAT(6X, All) 
IF(TIME. EQ. "*TIME VALUE") THEN 
READ(1,3)DT 
3 FORMAT(14X, F8.6) 
GOTO 5 
ENDIF 
4 GOTO 1 
5 CONTINUE 
INCR=-l 
6 READ(1,7, ERR-9, END-10)NODE, XDISP 
7 FORMAT(2X, I5,7X, Ell. 5,4X, Ell. 5) 
IF(NODE. EQ. INODE) THEN 
INCR=INCR+l 
T=INCR*DT 
WRITE(2,8)T, XDISP 
8 FORMAT(F9.5,5X, F9.5) 
RESULTS(INCR, I)=(2*PI*T)/(NINCR*DT) 
RESULTS(INCR, 2)=XDISP 
ENDIF 
9 GOTO 6 
10 CONTINUE 
DO 11, I=1, NINCR 
AO=AO+RESULTS(I, 2) 
11 CONTINUE 
AO=2*AO/NINCR 
DO 13, I=1, NINCR 
AN=O 
BN=O 
DO 12, J-1, NINCR 
AN=AN+(RESULTS(J, 2)*COS(I*RESULTS(J, 1))) 
BN=BN+(RESULTS(J, 2)*SIN(I*RESULTS(J, l))) 
12 CONTINUE 
COEFFS(I, 1)=2*AN/NINCR 
COEFFS(I, 2)=2*BN/NINCR 
COEFFS(I, 3)-SQRT((COEFFS(Iil)**2.0)+(COEFFS(I, 2)**2.0)) 
13 CONTINUE 
RESPONSE=0.0 
DO 15, I=1, NINCR/2 
F= I*2*PI/(NINCR*DT) 
WRITE(3,14)F, COEFFS(I, 3) 
14 FORMAT(F9.5,3X, F9.5) 
IF(COEFFS(I, 3). GT. REspoNSE) THEN 
FNAT -F 
RESPONSE - COEFFS(I, 3) 
DY = RESPONSE/20.0 
ENDIF 
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15 CONTINUE 
CLOSE(l) 
CLOSE(2) 
CLOSE(3) 
16 FORMAT(A20, F6.3, A2) 
FMAX-100*PI/(NINCR*DT) 
WRITE (*, *) "" 
WRITE(*, 1(A)1)11 Response" 
WRITE(*, I (A) 1) 11 AU 
DO 18, I=1,20 
LINE="J" 
DO 17, J=1,50 
IF(COEFFS(J, 3). GE. ((21-I)*DY)) THEN 
POINT(J)="I" 
ELSE 
POINT(J)=" 
ENDIF 
17 CONTINUE 
WRITE(*, *)"I", POINT(l), POINT(2), POINT(3), POINT(4), POINT(5) 
&, POINT(6), POINT(7), POINT(8), POINT(9), POINT(IO), POINT(11) 
&, POINT(12), POINT(13), POINT(14), POINT(l5), POINT(16), POINT(17) 
&, POINT(18), POINT(19), POINT(20), POINT(21), POINT(22), POINT(23) 
&, POINT(24), POINT(25), POINT(26), POINT(27), POINT(28), POINT(29) 
&, POINT(30), POINT(31), POINT(32), POINT(33), POINT(34), POINT(35) 
&, POINT(36), POINT(37), POINT(38), POINT(39), POINT(40), POINT(41) 
&, POINT(42), POINT(43), POINT(44), POINT(45), POINT(46), POINT(47) 
&, POINT(48), POINT(49), POINT(50) 
18 CONTINUE 
WRITE(*, 1(A)1)11 -------------------------------------------- 
WRITE(*, 19)" 0 ", 0.2*FMAX, " ", 0.4*FMAX, " 
11,0.6*FMAX, " ", 0.8*FMAX, " 11, FMAX 
19 FORMAT(A9, F4.1, A6, F4.1, A6, F4.1, A6, F4 . 1, A6, F4.1) 
WRITE(*, 20)"Frequency" 
20 FORMAT(45X, A9) 
WRITE (*, *) 11" 
WRITE(*, 21)" Natural Frequency - ", FNAT, "Hz" 
21 FORMAT(A20, F6.3, A2) 
STOP 
END 
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